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purpose  of  this  investigation  was  to  develop  analytical  methods  for 
predicting  the  radiation  characteristics  of  antennas  on  aircraft.  Diffrac- 
tion techniques  in  conjunction  with  other  classical  electromagnetic  methods 
were  used  to  take  into  account  contributions  from  various  structural  feature^ 
of  an  airframe  (tail,  nose,  wings,  and  main  fuselage). 

Computed  values  were  compared  with  measured  data  of  antennas  on  scaled 
model  aircraft  such  as  a 1/35  scale  space  shuttle,  1/11  scale  Boeing  737, 
and  1/25  scale  KC-135.  A very  good  agreement  between  theory  and  experiment 
was  indicated.  With  the  availability  and  versatility  of  the  analytical 
techniques,  computations  were  made  for  antennas  on  full  scale  aircraft  such 
as  the  Boeing  737,  Boeing  747,  and  KC-135.  The  frequency  of  operation  of 
the  antennas  on  the  full  scale  models  was  5.1  GHz  which  is  within  the  pro- 
posed band  for  the  MLS. 

Of  the  antennas,  locations,  and  aircraft  examined  in  this  investigatior^j 
a circumferential  aperture,  which  is  vertically  polarized  in  the  elevation 
plane,  mounted  below  the  nose  (station  169)  or  above  the  cockpit  (station 
306)  of  a Boeing  747  provides  the  most  attractive  coverage  for  MLS  applica- 
tion. A vertical  monopole  also  demonstrates  good  coverage,  but  it  is  not  as 
attractive  as  that  of  the  circumferential  aperture. 
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I.  INTRODUCTION 


The  problems  associated  with  our  Transportation  Systems,  especially 
those  of  congestion,  system  saturation,  and  safety  are  well  documented  and 
have  been  the  subject  of  several  intensive  studies  during  the  past  several 
years.  The  result  was  a number  of  recommendations  addressed  primarily 
toward  solution  of  transportation  problems,  and  the  need  to  examine  new 
concepts  and  new  technologies,  for  near-term  as  well  as  longer-term  improve- 
ments. It  was  decided  that  increased  effort  is  needed  in  the  analysis  of 
advance  systems  concepts  and  the  related  research  performance  studies  and 
evaluation  of  technology  which  might  be  applied  in  the  future.  In  defining 
this  effort,  the  total  transportation  system  must  be  considered. 

Increased  efforts  have  been  undertaken  in  upgrading  the  aircraft  safety 
by  installing  more  sophisticated  ground  approach  and  landing  systems  at  more 
airports  around  this  country  especially  at  locations  with  mountainous  terrains. 
However,  such  facilities  cannot  function  to  their  maximum  capability  unless 
the  airborne  systems  are  also  upgraded  and  optimized.  In  1971  a major 
research  and  development  program  was  initiated  by  FAA  and  supported  by  inter- 
national participation  to  develop  a new  approach  and  landing  system  known  as 
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the  Microwave  Landing  System  (MLS).  This  system,  which  is  to  be  operated 
at  microwave  frequencies  is  intended  as  an  improvement  over  the  existing 
lower  frequency  Instrument  Landing  System  (ILS),  now  in  operation  at  many 
airports  around  the  country.  The  introduction  of  the  MLS  will  enhance  the 
safety  of  the  approach  and  landing  of  an  aircraft.  This  will  improve  the 
accuracy  of  landing  during  times  of  poor  visibility  and  reduce  one  of  the 
leading  causes  of  accidents  and  fatalities.  The  operation  of  the  MLS,  however, 
will  require  new  designs  of  airborne  antenna  systems. 
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In  modern  aircraft  the  electromagnetic/avionic  environment  becomes 
extremely  complex  and  due  to  inter-relationships  and  interaction  between 
the  various  systems,  they  become  vulnerable  to  malfunction  and  erratic 
behavior.  One  of  the  principal  problems  in  the  design  of  a safe  airborne 
communication,  navigation,  or  approach  and  landing  system  is  the  location  of 
the  antennas  for  desired  radiation  characteristics.  Because  of  the  compli- 
cated geometry  of  the  airframe,  the  antenna  designer  is  usually  required  to 
approve  new  antenna  systems  on  the  basis  of  scale  model  patterns  or  accept  a 
particular  structural  location  since  the  cost  of  running  extensive  experi- 
mental studies  for  alternate  structural  locations  has  become  prohibitive  in 
time  and  dollars.  Experience  has  shown  that  due  to  various  compromises 
required  in  the  manufacture  of  small-scale  antennas  and  aircraft  models, 
flight  radiation  measurements  are  required  as  a final  check  on  the  validity 
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of  the  model  patterns  on  each  new  type  of  antenna  system  and  aircraft.  It 
would  then  be  extremely  important  from  the  viewpoint  of  economy  and  safety 
to  be  able  to  analyze  and  assess  the  performance  of  an  antenna  system  on  an 
aircraft  (or  on  any  other  mode  of  transportation)  prior  to  installation  to 
avoid  costly  development  of  systems  which  are  incompatible  with  the 
structural  configuration  and  the  existing  onboard  systems. 

Improved  antenna  design  methods  can  now  be  realized  including  determi- 
nation of  optimum  locations  for  coupling  or  interference  between  systems,  with 
the  development  of  a mathematical  radiation  model  of  an  aircraft.  This  type 
of  investigation  has  much  been  needed  in  the  past,  and  it  will  eliminate 
the  need  of  running  extensive  and  costly  experimental  pattern  studies  for 
alternate  structural  locations.  In  the  past,  many  antenna  designers  and 
researchers  avoided  tackling  such  a problem,  because  of  the  mathematical 
intractability  of  the  complex  aircraft  frame.  Recent  developments  of 


geometrical  diffraction  techniques  and  their  application  to  many  previously 
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intractable  problems,  now  give  us  the  necessary  tools  to  embark  on  the 
development  of  analytical  radiation  models  of  antennas  on  aircraft.  The 
models  will  provide  analytical  design  methods  essential  in  the  continued 
efforts  by  our  scientific  community  for  the  improvement  of  aircraft  communi- 
cation and  navigation  systems  and  for  the  design  of  a new  generation  of  air 
traffic  control  systems.  The  implementation  of  these  techniques  will  lead  to 
safer  airborne  systems. 

In  this  document  an  investigation  is  reported  which  led  to  the  development 
of  analytical  radiation  models  for  predicting  the  principal  plane  patterns  and 
coupling  of  antennas  on  an  aircraft  using  geometrical  diffraction  methods. 
Initially  the  modeling  of  the  aircraft  structure  is  simplified,  to  reduce  the 
mathematical  complexities,  and  progresses  to  more  realistic  representations. 

In  all  cases,  the  computed  results  are  checked  with  measurements  on  scale 
models  and/or  other  available  data. 

In  this  report  computed  and  measured  amplitude  antenna  patterns  are 
included  for 

a.  1/35  scale  space  shuttle  at  35  GHz 

b.  1/11  scale  Boeing  737  at  35  GHz 

c.  1/25  scale  KC-135  at  35  GHz 

In  addition,  computed  data  at  the  proposed  MLS  frequency  of  5.1  GHz  are 
considered  for 

d.  full  scale  Boeing  737 

e.  full  scale  Boeing  747 

f.  full  scale  KC-135 

In  almost  all  cases  radiation  patterns  have  been  examined  for  infinitesimal 

dipoles  and  circumferential  and  axial  slots  at  locations  which  look  promising 


for  positioning  antennas  to  provide  the  required  coverage  for  the  MLS. 
Computed  phase  patterns  are  also  included  which  provide  information  on  the 
movement  of  the  phase  center  of  the  system. 


II.  RADIATION  MODELS 


In  this  section  the  development  of  the  analytical  radiation  model  for 
antennas  on  aircraft  will  be  outlined.  It  begins  with  simplified  models, 
to  reduce  the  mathematical  details,  and  is  followed  by  more  complicated  and 
realistic  representations. 


A.  Two-Dimensional  Wedge  Model 

As  an  initial  step,  the  elevation  plane  of  an  aircraft  structure, 
modeled  as  shown  in  Figure  1,  is  considered.  Two  antenna  positions  are 
chosen  to  be  analyzed,  one  on  the  fuselage  (1)  and  the  other  on  the  tail 
section  (2).  A two-dimensional  configuration  is  assumed  and  the  various 
structural  features  of  the  airframe  are  modeled  with  wedges  of  sharp  edges 
each  one  with  different  included  angle  and  each  designated  as  #1,  #2,  #3, 
etc.  Although  this  may  not  be  an  accurate  representation  of  the  aircraft, 
it  is  convenient  for  mathematical  tractabil ity.  Curved  surfaces  will 
replace  the  sharp  edges  in  other  modeling  configurations.  The  analysis 
begins  by  assuming  that  each  antenna,  whether  in  position  1 or  2,  is  mounted 
on  an  infinite  structure.  This  geometry  determines  the  major  contribution 
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to  the  overall  radiation  pattern,  and  it  will  be  referred  to  as  the 
"primary"  component.  In  order  to  accurately  predict  the  overall  radiation 
pattern,  perturbations  introduced  by  the  various  wedges  which  are  used  to 
approximate  the  structure  of  the  aircraft  must  be  included.  This  can  be 
done  by  assuming  that  the  currents  introduced  on  the  surface  by  the  "primary" 
radiation  are  the  same  for  the  infinite  and  finite  structures-.  Such  an 
approximation  is  quite  valid  and  has  been  used  previously  in  simpler  problems 
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with  good  results.  This  permits  the  approximation  of  the  fields  on 
the  finite  structure  which  are  used  as  the  source  for  determining  the 
contribution  from  each  of  the  wedges,  and  they  will  be  referred  to  as  the 
"secondary"  components. 

The  manner  by  which  the  contributions  from  each  wedge  are  determined 
will  be  outlined  when  the  primary  source  is  located  on  the  fuselage  (position 
1).  Similar  steps  are  followed  for  position  2 or  any  other  location.  The 
field  from  the  primary  source  in  the  direction  of  wedges  2,3,  and  4 will 
be  the  incident  ray  on  the  respective  wedges.  The  amount  diffracted  by  each 
wedge  will  be  determined  by  the  application  of  the  diffraction  coefficient 
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of  a plane  or  cylindrical  wave  by  a two-dimensional  wedge.  Now  the  field 

from  wedges  2,3,  and  4 in  the  direction  of  the  adjacent  wedges  will  be 
diffracted  again.  This  process  continues  to  higher  order  diffractions.  For 
structures  large  compared  to  wavelength,  higher  order  diffractions  can  usually 
be  neglected,  because  their  contribution  is  small  compared  to  that  of  the 
"primary"  component  and  of  lower  order  diffractions.  Some  diffraction 
mechanisms  have  been  indicated  graphically  in  Figure  2. 

Another  radiation  mechanism  that  must  be  included  is  the  reflection  of 
the  "primary"  field  by  the  tail  structure.  The  distribution  of  the 
reflected  field  will  be  introduced  using  image  theory.  It  should  be 
pointed  out  that  the  diffracted  field  from  each  wedge  and  the  reflected 
components  from  the  different  sides  will  not  be  applicable  in  all  space  about 
the  airframe.  The  regions  where  each  will  be  introduced  will  be  determined 

2 3 

by  the  laws  of  classical  geometrical  optics  and  the  laws  of  geometrical 

16,26,25 

diffraction. 

The  primary  source  contribution  is  given,  referring  to  Figure  3,  by 
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and  6. 


jkacos0 

Eq(0)  = e Rq(0)  3ti-/2  < 0 < 2-rr  and  0 < 0 < (1) 


where  a = 3tj/2  - a,  + ij; 

X j c 


(la) 


r L, 


tan 


H^cosa3)/(-H^sina3)j  - (3Ti/2-a3)|  (lb) 


Rp{0)  is  the  angular  field  distribution  of  the  antenna  on  an  infinite  ground 

plane.  The  phase  reference  point  has  been  selected  to  be  the  center  of  the 

-jkr 

fuselage,  as  shown  in  Figure  3,  and  the  e /r  factor  has  been  suppressed. 
The  diffraction  contributions  front  wedge  # 4 are  given,  referring  to 
Figure  3,  by 


jkd^cos(-(^  + 0) 


tt/2  + < 0 < 2tt 

0 < 0 < tt/2  - £> 


(2) 


where 


R[)4(0)  = RQ(3ir/2)  Vg[Lg/2,  5tt/2  - 0,  n^] 

(2a) 

Rp4(0)  --  Rd(3tt/2)  Vg[L^/2,  tt/2  - 0,  n^] 

(2b) 

i 

2 ^ 

d^  = [(Lg/2)  + a ] 

(2c) 

Y4  = tan*  [Lg/2a] 

(2d) 

= 2 - a^/TT 

(2e) 

6 = tan"  [(L4  - 2a)/(Lg  - H^cosa3)] 

(2f) 
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r 


19-2  1 

is  the  wedge  diffraction  function  (see  Appendix  A). 

D 

The  diffractions  from  wedge  #5  are  given  by 


Ed5(0)  = e 


jkdgcosly^  + 0) 


Rp5(0)  7T  < 0 < 27T 


Rp^(0)  0 < 0 <iT  - Oc 


(3) 


where 


Rq5(0)  = R[)4(^/2  + 014)  VgE-L-j/cosoi^,  3ti/2  + - 0,  n^] 


(3a) 


Rq5(0)  = RQ4(fr/2  + 04)  Vg[-L^/cosa^,  tt  - - 0,  ng] 


i 

dg  = [(L^  + Lg/2)'  + (Lr/2)']' 


■8' 


(3b) 

(3c) 


Yg  = tan-  [(2L^  + Lg)/Lg] 


ng  = 2 - Og/TT 

and  from  wedge  # 6 by 


-jkdgCos(Yg  - 0) 


Rd6(0)  oig  < 0 < 2tt 


where 


dg  = [(L^  + Lg/2)'  + (Lg/2)']'^' 
Yg  = tan  |(2L^  + Lg)/L^ 


ng  = 2 - ag/TT 


(3d) 

(3e) 


(4) 

(4a) 

(4b) 

(4c) 

(4d) 
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In  a similar  fashion  the  fields  diffracted  from  wedge  # 3 can  be 


written,  and  they  are  given  by 


En.(0)  = e 


jkd3COs(Y3  - 0) 


Rd3(0)  3tt/2  < 0 < 2tt 


Rd3(0)  0 < 0 < 3tt/2  - 03 


where 


Rd3(0)  = Rd(tt/2)  Vg[Lg/2,  0 - 3tt/2, 
Rd3(0)  = Rd(tt/2)  Vg[Lg/2,  0 + tt/2,  n3] 


d3  = [(Lg/2)'  + a']' 


Y3  = tan"  [Lg/2a] 


03  = 2 - 013/77 


Diffracted  energy  from  wedge  #3  directed  toward  #2  will  be  diffracted  again. 
In  addition  energy  from  the  main  source  directed  toward  wedge  # 2 will  also 
be  diffracted.  The  two-term  diffraction  contribution  from  wedge  # 2 is 
then  given,  referring  to  Figure  4,  by 


En9(0)  = e 


jkd2Cos(Y2  - 0) 


Rn?(0)  3t7/2  - e < 0 < 2tt 


Rp2(0)  0 < 0 < tt/2 


where 


Rpi2(0)  = Rg(a^)[Vg(R,a3  ^ Vr(R,o,  + 0 - 57t/2  + i|^„,n,)] 


+ Rq3(3tt/2  - 03)  Vg(Hp0  + 013  - 5tt/2,  n^) 
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“3  ■ '*^o’"2^  "'’  ■*■  “3  ■*■  '^o*'’2^^ 


+ R[)3(3ir/2  - a^)  Vg(H^,  0 - tt/2  + a^,  n^) 


R = [(Lg/2  - H^cosa^)  + (H^  sina^)  ] 

1 

2 2 ^ 

(J2  = [(Lg/2  - H^cosa3)  + (L^  - a)  ] 

1 

Y2  = tan"  [(Lg/2  - H^cosa3)/(L4  - a)] 

P2  = 2 - 02/11 
and  by  wedge  # 1 by 


(6b) 

(6c\ 

(6d) 

(6e) 

(6f) 


E(3i(0)  = e 


jkd^cos(Y^  - 0) 


rRp^  (0)  3it/2  < 0 < 2ir 


^Rp^(0)  0 < 0 < IT 


where 


Rdi(0)  = Ro2(TT/2)Vg[L5,  0 - 3it/2,  n^J 


(7) 


(7a) 


Rdi(0)  = Rd2(^''2)  Vg[L5,iT/2  + 0,n^] 

1 

2 2 2 

d^  = [(Lg/2  + Lg  - H^cosa3)  + (L^  - a)  ] 

Y^  = tan"  [(Lg/2  + Lg  - H^cosa3)/(L4  - a)] 


n-|  = 2 - a-j/ir 


(7b) 

(7c) 

(7d) 

(7e) 


Energy  from  the  main  source  directed  toward  the  tall  section  will  be 
reflected.  This  reflected  field  may  be  obtained  by  the  method  of  Images. 
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Assuming  that  the  tail  section  is  an  infinite,  perfectly  conducting  ground 
plane  and  a source  of  known  field  distribution  Rq{0)  is  located  at  position 
1,  then  the  field  distribution  due  to  the  image  source  is  given,  referring 
to  Figure  5,  as 


^DIMAGE^^^  " ® 


-jkd.cos(Y^  + 0) 


DIMAGF 


(0)  5tt/2  - 2a.|  < 0 < 3tt/2  *^2  ” ’^o 


where 


'^DIMAGE^^^  ^ ^3  ‘ 

22  21 

d^  = [Lg  sin  cx-|  - 2aLgSina-|  cosa-j  + a ] 


1 2 


Y-  = tan’  [LgSin  a^/(LgSinu^  cosa-j  - a)] 


Since  each  field  component  does  not  contribute  in  all  space,  a summary 
has  been  prepared  which  indicates  the  oifferent  field  components  and  the 
region  where  each  one  contributes.  This  is  shown  in  Table  1. 

The  analysis  procedure  for  the  case  where  the  antenna  is  located  in 
position  2 is  similar  to  the  one  above.  The  "primary"  field  in  the  direction 
of  wedges  1 and  2 will  serve  as  the  incident  ray,  and  the  amount  diffracted 
will  be  determined  by  the  diffraction  coefficients  of  wedges  1 and  2, 
respectively.  Now  the  field  from  wedges  1 and  2 in  the  direction  of  10  and 
9 and  3 and  4,  respectively,  will  be  diffracted  again.  This  process  will 
continue  to  higher  order  diffractions  as  in  the  previous  case.  Also  part 
of  the  diffracted  field  from  wedge  2 will  be  reflected  by  the  surface  of  the 
fuselage.  Figure  6 shows  the  diffraction  mechanism  for  an  antenna  mounted  on 
the  tail  section  of  the  airplane.  The  image  field  contribution  due  to  the 
reflections  from  the  fuselage  is  also  indicated. 
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gure  5.  Geometry  for  image  source  description  for  antenna  at  position 
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The  primary  source  contribution,  when  the  antenna  is  mounted  in 
position  2 as  shown  in  Figure  6,  is  given  by 

+jkdjjSin(Yo  + 0) 

EqCP)  = e Rd(0)  (9) 

where 


= [(Lg/2  + L5/2  - H^cosog)'  + (L^  - a)']'^' 

(9a) 

= tan"’[(L4  - a)/(Lg/2  + Lg/2  - H^cosog)] 

(9b) 

Rjj(0)  is  the  angular  field  distribution  when  the  antenna  is  mounted  on  an 
infinite  ground  plane. 

The  field  diffractions  from  wedge  #2  are  given,  referring  to  Figure  4, 

by 


Eo2((I) 


+jkd2COs(Y2 


/Rq2^^)  3tt/2  - B < 0 < 2t: 

\rP2(0)  0 < 0 < u/2 


(10) 


where 

Rj)2(0)  = Rd(3u/2)  VgCLg/2,  5tt/2  - 0, 


(10a) 


r’2(0)  = Rp(3TT/2)  Vg[L5/2,  u/2  - 0,  02] 


(10b) 


The  quantities  d2,Y2»  ^nd  n2  are  defined  by  Equations  (6d)  - (6f). 
Similarly  the  contributions  from  wedge  # 3 are  given  by 


jkd3COs(Y3  - B) 


vRd3(0) 


3tt/2  < 0 < 2tt 
0 < 0 < 3it/2  - Og 


(11) 
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where 


Rp3(0)  = “2^  Vg[Hp7iT/2  - - 0,  n^] 

Rq3(0)  = Rq2(''^/2  “2^  Vg[H^  ,3tt/2  '0,-0,  n,] 


- 0,  03] 

(11a) 

- 0,  03] 

(11b) 

with  dj,  and  defined  by  Equations  (5c)  - (5e). 

The  diffractions  from  wedge  # 4 are  given,  referring  to  Figure  3,  by 


Ed4(0)  = e 


jkd4COs(Y4  + 0) 


-R[)4(0)  tt/2  + < 0 < 2tt- 

.Rp^(0)  0 < 0 < tt/2  - 


(12) 


where 


Rd4(0)  = Rn-,(3^/2)  Vr[L^,5tt/2  - 0,  nj 


'D3 


(12a) 


+ Rp2(3TT/2  - 4.^)  [Vg(R,5TT/2  - 0 - iPo,  n^)  + Vg(R,5Tr/2  - 9 + n^) 


Rp^(0)  = Rp2(3iT/2)  Vg[Lg,TT/2  - 0,  n^] 


(12b) 


+ Rp2(3’n/2  - >(’o)[Vg(R,  tt/2  - 0 - n^)  + Vg(R,  tt/2  - 0 + 4;^,  n^)] 

which  are  attributed  to  diffractions  from  wedges  # 3 and  # 2.  The  quantities 
d^,  Y4,  and  n^  are  defined  by  Equations  (2c)-  (2e). 

The  contributions  from  wedge  #5  are  given  by 


Ed5<«)  ■ ' 


jkd^cos(y^  + 0) 


Ro5«) 


TT  < 0 < 277 


0 < 0 < IT  - Or 


(13) 


where 


Rp5(0)  = Rq4('^/2  + a^)  Vg[-L^/cosa^,  3it/2  + - 0,  n^] 


(13a) 
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(13b) 


^ Rq4(^/2  + 04)  Vg[-L^/cosa4,  »4  - tt/2  - 0,  n^] 

where  d^,  Yg.  and  are  defined  by  Equations  (3c)  - (3e). 

Finally  the  diffractions  from  wedge  # 1 are  given,  referring  to  Figure  4, 
by 


E„,(I8)  ■ e 


jkd,cos(v,-8) 


•R„,(0) 


Rd,(0) 


3it/2  < 0 < 2tt 


0 < 0 < TT 


where 


Rdi(0)  = Rd(^/2)  Vg[L5/2,  0 - 3tt/2,  n^] 


(14) 


(14a) 


Rpi(0)  = Rq(tt/2)  Vg[L5/2,  tt/2  + 0,  n^]  (14b) 

with  the  quantitites  d^  y-|  > and  n-j  defined  by  Equations  (7c)  - (7e). 

As  was  shown  in  Figure  6,  part  of  the  energy  diffracted  by  wedge  # 2 is 
directed  toward  the  fuselage  where  it  undergoes  a reflection.  To  account  for 
this  reflection,  an  image  source  is  introduced  and  its  contribution  is  given 
by 

jkd.sin(3TT  - a.) 

^DIMAGE^^^  ” ® '^DIMAGE^^^  + 6 < 0 < tt/2  + (15) 

where 


*^DIMAGE^^^  ""  R02(^'^  ■ 

(15a) 

= [(Lg/2  - H^cosa3)'  + (L4  - 3a)']‘^' 

(15b) 

= cos'  [(Lg/2  - H^cosa3)/d^] 

(15c) 
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Additional  diffractions  occur  at  wedges  # 10,  # 9,  and  # 8 but  their  mathe- 
matical forms  will  not  be  reported  here  to  preserve  some  space.  Their 
contribution  is  of  secondary  order  and  will  not  contribute  significantly. 
However  they  have  been  included  in  the  computer  program  and  all  the  compo- 
nents and  the  regions  where  they  contribute  are  shown  in  Table  2. 

B.  Wedge  Model  With  Curved  Edge 

A more  advanced  modeling  of  the  elevation  plane  of  an  aircraft  will  be 
to  represent  the  surface  with  sharp  wedges,  as  was  done  in  the  previous 
section  and  indicated  now  in  Figure  7,  but  with  a curved  geometry  in  the 
transverse  plane,  as  shown  in  Figure  8.  In  other  words  the  aircraft  structure 
is  modeled  with  a number  of  truncated  conical  cylinders.  For  this  geometry, 
two  antenna  positions  are  examined,  one  below  the  nose  and  designated  as  #1 
and  the  other  above  the  cockpit  and  designated  as  #2.  These  two  positions 
were  selected  because  they  represent  locations  which  are  available  for  placing 
antennas  and  are  near  the  forward  (nose)  region  where  coverage  is  of  primary 
concern  for  the  MLS.  The  nose  was  also  modeled  by  a truncated  cylinder 
because  it  was  assumed  that  the  radome  cover  was  absent.  Such  a simplification 
was  necessary  to  reduce  the  mathematical  details,  and,  as  will  be  shown  later 
by  comparing  computed  values  with  measured  data,  it  does  adequately  represent 
the  radiation  mechanism  in  the  forward  sector  of  the  aircraft  structure. 

The  radiation  mechanism  for  each  antenna  position  is  similar  to  the  one 
described  in  the  previous  section  with  the  exception  of  an  additional  factor 
which  is  used  to  represent  the  curvature  in  the  transverse  plane.  The  phase 
reference  is  chosen  again  to  be  the  center  of  the  fuselage  as  shown  in  Figure  7. 
Before  presenting  the  mathematical  equations  for  the  contributions  from  the 
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REGION 


TOTAL  FIELD 


BOUNDARY 


I 

^D'^^Dl  ■^^D2'*’^D3'^^D4'^^D5'*'^D9 

O<0<ag-Tr/2 

II 

1 1 1 t 1 1 1 

^D'^^Dl  ■‘■''D2'^^D3'^^D4'^^D5'^^D8'^^D9 

Og  -tt/  2<0<37t/  2 -oig 

III 

^D^^D1'^^D2'*'^D4‘*'^D5‘^^D8'^^D9 

37r/2-ag<0<ir-ag 

IV 

1 ~ 

till! 

^D'^^DI  ■^^D2'^^D4'^^D8'^^D9 

TT-ag<0<iT/2-B 

V 

^D'^^D1'^^D2'*'^D8'^^D9 

'rr/2-6<0<TT/2 

VI 

1 1 t 

^D1'^^D8'^^D9 

tt/2<0<tt 

VII 

1 1 

^D5^^D8"^^D9 

ir<0<3TT/2~ai 

VIII 

t 

^DS'^^DS 

3iT/2-a^40<iT/2+a^ 

1 

IX 

1 

^D4'^^D5'*'^D8 

Ti/2+a^<0<3iT/2-6 

X 

^D2‘^^D4'^^D5'^^D8 

3Tr/2-6<0<37r/2 

XI 

^D'^^D1‘^^D2‘^^D3'^^D4'^^D5 

3tt/2<0<37t/2+3 

XII 

^D‘^^DI‘^^DI'^^D2‘^^D3‘*'^D4‘^^D5 

3TT/2+B<0<Tr/2+Og 

XIII 

^D'*’^D1'^^D2'^^D3'^^D4‘^^D5 

iT/2+a2<0<2tr 
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Figure  7.  Wedge  surface  model  of  elevation  plane  configuration. 


L 


main  source  and  from  each  we'ge,  some  pertinent  dimensions  are  shown  in 
Figures  9 and  10.  The  structure  is  split  into  two  to  more  clearly  illus- 
trate the  main  features  of  the  model. 

The  radiation  when  the  antenna  is  located  in  position  #1  will  first  be 
examined.  Referring  to  Figure  11,  the  contributions  from  the  main  source  are 
given  by 

jkd^cos(8^  - 0) 

Eq(0)  = e ^ Rp(0)  O<0<a^,TT  + a^  <0<2tt  (16) 

where 

2 2 II2 

CI5  = [f^  + g^]  (16a) 

$1  s^ 

0 = tan"  [f<./g_]  (16b) 

Si  s^  s^ 

From  the  geometry  of  Figure  11,  the  diffractions  from  wedge  # 1 can  be  written 
as 


Edi(0)  = e 


jkd^ccs(6^ 


where 

RqI  (0)  “ 

Roi(0)  = Rd(0  = a^) 


2 21/2 

+ g^] 


6^  = tan"  [f^/g^] 


"1  = 2 


- 0) 

0 < 0 < TT 

DFt(0) 

1 

IT  + a-|  < 0 < 2tt 

(17) 

VgC^l  - d^ , ir  • 

- + 0, 

(17a) 

Vb[«.i  - d.| , 0 

- - IT, 

n,] 

(17b) 

(17c) 

(17d) 

(17e) 

26 


Li 


iialailiiMiili 


Pertinent  dimensions  for  radiation  mechanism  in  the  elevation 
plane  from  the  forward  sector. 


1/2 


DF^(0)  =1 


I 

+ (di  - d)tsin(ai  - it/2)  + cos0] 


0 < 0 < a 


J ^ + «i  < 0 < 2^  (17f) 

elsewhere 


The  ray  divergence  factor  given  by  (17f)  is  used  to  take  into  account  the 

1 6 

spreading  of  the  energy  caused  by  the  radius  of  curvature  of  the  edge 
(see  Appendix  B).  Outside  the  lit  region,  the  divergence  factor  has  been 
approximated  by  unity  since  it  approaches  that  value  and  it  avoids  the  pole 
indicating  the  presence  of  the  caustic. 

In  a similar  manner  the  diffractions  from  wedge  #2  are  given  by 

-jkd^cos(3-  + 0) 

Ep2(0)  = e ^ ^ DF2(0)  0 < 0 < 2tt  - (18) 

where 


^02(0)  “ 

Rqi(0  = fr)[Vg(«2’  "2^  - '^B^**'2’  ^“2  ^ "2^^ 

(18a) 

2 

2 1/2 

+ 9l] 

(18b) 

62  = tan' 

[F]/9i] 

(18c) 

02  = 2 

(18d) 

DF2(0)  = 1 (18e) 

The  plus  (+)  sign  in  (18a)  is  used  for  the  hard  polarization  (E-field  normal 
to  the  edge)  and  the  minus(-)  for  the  soft  polarization  (E-field  parallel  to 
the  edge). 

The  diffractions  from  wedge  # 3 can  be  written  as 
-jkd,cos(BT  + 0) 

Eq3(0)  = e DF2(0)  Rq3(0)  tt  - U2  < 0 < 3ti  - - 02  (19) 
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where 


Rd3(0)  = ^02^®  = 2tt  - a^)  VgL^-3.  0 + U2  - tt,  n^] 

2 2 1/2 
^ 93] 


(19a) 


(19b) 


63  = tan"  [f3/93J 


(19c) 


03  = 2 - 0(3/71 


(19d) 


DF3(0)  = 1 


(19e) 


Diffractions  from  wedges  #4,  #5,  #6,  and  #7  are  far  removed  from  the  primary 
source  and  are  considered  of  secondary  order.  They  are  not  included  in  the 
computations. 

The  diffractions  from  the  wedges  nearest  to  the  source  in  the  counter- 
clockwise direction  will  now  be  considered.  From  the  geometry  of  Figure  U, 
the  contributions  from  wedge  #0  can  be  written  as 


jkd  cos(B-  - 0)  I 

Edo(I9)  = e ° DF^(0)  - 


0 < 0 < Cl^ 


^o(01  • ^ 

Un( 


|{0)  01^  + Oq  < 0 < 


where 


Rdo(^)  " = ■^  ■•■  «])  Vg[d,  - 0,  n^] 


(20a) 


Rdo(^’)  = Rq(0  = 77  + 0^)  Vg[d,277  + - 0,  n^] 


(20b) 


2 2 1/2 

d = [f  + g ] 

0 0 ^o-* 


(20c) 


60  = tan"  [yg^] 

"0  = 2-  a^/Ti 


(20d) 

(20e) 


1/2 


DF^dJ)  = 


dUsinrcti  - ^/2)  - COS0JJ  ^ < 0 < 2TT 


0 < 0 < a. 


\ 1 elsewhere 

The  contributions  from  wedge  #11  are  given  by 


jkd^^cos(6^^  - 0) 

Ed1i(0)  = e DF^^(0) 


Rq1i(0)  0 < 0 < - tt 


^RdII^®^  '''  “ll  - ■'f  < 0 < 2ti 

where 

’^011^^^  " " “o  ^ "l^  ''b^^T  “o  ^ ^ (21a) 

Rq1i(0)  - ^00^®  ” “o  ^ “l^  '^B^^ll’  “o  ^ ®1  ■ ^ (21b) 

2 21/2 

d^i  = [f^i  + g,,]  (21c) 

1 

6^,  = tan"  [f^^/g,^]  (21d) 

n-]^  “ 2 - (21e) 

DFii(0)  = 1 (21f) 

Continuing  in  the  counterclockwise  direction,  the  contribution  from 
wedge  # 10  can  be  written  as 


’^011 

(0)  = 

W- 

“0  ^‘l^ 

^Dll 

(0)  = 

So<»  ' 

“0  " “1^ 

''b^^ii  ’ 

2 

2 

1/2 

‘^ll 

= t^ll 

• 9|ll 

^11 

= tan" 

‘[f,,/9 

11^ 

"11 

= 2 - 

a,, /IT 

jkd^QCos(g^Q  - 0) 

E,0(«)  = ® Df,u(0) 


^mn(^)  0 < 0 < 3tt/2  - a. 


Rnin(0)  3tt/2  < 0 < 2ti 


where 


= Rdii(0  " “o  “i  “ii  ■ ■ “lO  ' ^•'^10^ 

" “o  "'’  “l  '*’  “ll  ■ '^B^^'IO’  " “lO  ‘ ^•'^10^ 


*^10  ^ ^^10"^  ^10^ 

6^q  = tan‘'[f,o/9io^  (22d) 

n-jQ  = 2 - a-jp/TT  (22e) 

DF^p(0)  = 1 (22f) 


Referring  to  Figure  12  the  contributions  from  wedge  # 9 are  given  by 


Ep9(0)  = e 


jkdgCOs(Bg  + 0) 


DFg(0)  • 


-Rpg(0)  0 < 0 < tt/2 


^Rq9(0)  tt/2  + »g  < 0 < 2tt 


where 


Rpg(0)  = Rpio(0  = 3tt/2)  Vg[£g,  tt/2  - 0.  ng] 
Rp9(0)  = RpJo^^  = 3TT/2)  Vg[ig,  5tt/2  - 0.  ng] 


2 21/2 

*^9  " ^^'lO  * ^10^  ' *^10 


6g  = tan  [f^p/g^p]  = S^p 


ng  = 2 - Og/TT 


DFg(0)  = 1 

and  finally  from  wedge  # 8 by 


(23) 

(23a) 

(23b) 

(23c) 

(23d) 

(23e) 

(23f) 
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Pertinent  dimensions  for  radiation  mechanism  in  the  elevati 
from  the  rear  sector. 


-jkdgcos(0  + 6g) 


(24) 


DFg(0)  • 


0 < 0 < IT  - ag 


IT  < 0 < 2lf 


where 

R[3e(0)  = R[)^(0  = Tf/2  + ag)  VgC^g,  TT  - ag  - 0,  ng] 

Rd^{0)  = Rd^(0  = tt/2  + ag)  Vg[£g.  3tt  - Og  - 0,  Hg] 

2 21/2 

^^8  ^ ^^8  * ^8^ 


i 

I 

(24a)  ! 


(24b) 


(24c) 


3g  = tan’  [fg/9g] 

ng  = 2 - ag/TT 

DFg(0)  = 1 

The  analysis  when  the  antenna  is  placed  above  the  cockpit  (#2  position  in 
Figure  7)  is  similar  to  the  one  outlined  for  position  # 1.  The  only  difference 
will  be  that  for  position  #2  a reflected  component  will  be  included  to  take 
into  account  the  energy  scattered  by  the  forward  sector  of  the  nose  (section 
tg  of  Figure  7).  Referring  to  Figures  VI  and  12,  the  contributions  from  the 
main  source  and  diffractions  from  each  wedge  will  be  outlined  when  the  antenna 
is  positioned  above  the  cockpit. 

The  radiation  from  the  main  source  is  given  by 


(24d) 

(24e) 

(24f) 


Ed(0)  = 


-jkd^2COs(6^,  + 0) 


s2 


Rg(0) 


ag. 


“5" 


where  a = sin"  [-(H^  - tg  - s)  sinog/h] 
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(25) 

5tt/2  < 0 < 3iT-ag-a2 
(25a) 


I 


h =[£3  +(£^  + £5  - s)  - 2£3(£^  + £5  - 5)00503] 


1/2 


2 2 1/2 

“tz  • <^Uz  * 3s2l 


S52  = tan'  [fep/Qc?] 


s2'ys2- 


(25b) 


(25c) 


(25d) 


^s  before,  Rp(0)  is  the  angular  far-field  distribution  when  the  source  is 
mounted  on  an  infinite  ground  plane. 

The  diffraction  contributions  from  wedge  #5  are  given  by 
-jkdgcos(0  + 65) 


Eos'*”  = * 


OF5(0)Rp5(0)  65  < 0 < ti/2  + 05 


where 

65  = tan'[(f2  - t5)/(g3  - g^)] 


(26) 


(26a) 


Rpg(0)  = Rq(0  = 3tt  - 03  - 03)  Vg[s,0  + 03  + Og  - 2it,  n^] 


2 21/2 

1 

Bg  = tan'  [fg/gg] 


n^  = 2 - Og/'ff 


( 


DF5(0)  =■ 


1/2 


(26b) 

(26c) 

(26d) 

(26e) 


l^gg  - s[cos(o3  + 02)  + cos0]J 


1 


«3  + 05  + «6  ' a - 5tt/2  < 0 < 3tt  - 03  - 02 

(26f) 

elsewhere 


from  wedge  # 6 by 

-jkd,cos(Bc  + 0) 

Ed6(«>  ■ ' ‘ ' 


DFg(i8)  Rpg(0)  og  - tt/2  < 0 < 3u/2 


(27) 
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where 


(27a) 

1/ 2 

(27b) 

95] 

Bg  = tan-'[fg/gg] 

(27c) 

ng  = 2 - ag/7T 

(27d) 

DFg(0)  = 1 

(27e) 

and  from  wedge  # 7 by 

-jkd7COs(67  - 0) 

Ejj7(0)  = e DF7(0)  Rp7(0)  tt/2  < 0 < 2tt 

(28) 

where 

Rd;(0)  = Rd6^^  " ^ "7^ 

(28a) 

^7  " '•'e  ^8 

(28b) 

2 21/2 

d7  = [fg  + gg] 

(28c) 

1 

67  = tan"  [fg/9g] 

(28d) 

n-j  = 2 - 07/77 

(28e) 

DF7(0)  = 1 

(28f) 

Considering  the  wedges  in  the  counterclockwise  direction 

relative  to  the 

source,  their  contributions  can  be  written  in  the  same  form  as  for  the  previous 
wedges.  The  diffractions  from  wedge  # 4 are  written  as 
-jkd^cos(6^  + 0) 

Ep4(0)  = e DF4(0)  Rq4(0)  64  < 0 < 3t;  - 03  - Q2  (29) 
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where 


(S^  = tan"  [(f^  - f4)/(94  - 92)] 


Rd4(0)  = = 2tt  - ttj  - 02)  Vg[£g  - s,  3tt  - 0 - otg  - a2»  n^J 

2 21/2 

^4  = * 94] 

^4  = tan'^Cf^/g^] 


"4  = 2 


DF4(0)  ={ 


[94  + (J^5  - s)[cos(a3  “2^  ■ 


(29a) 
(29b) 
(29c) 

(29d) 
(29e) 

-11/2 

03+05+05 -o-57r/2<0<37r -03-02 

(29f) 

el sewhere 


and  from  wedge  # 3 by 


-3kd,cos(6-  + i8) 

Ed3(0)  = e DF3(0)  Rp3(0)  TT-a2<0<37r-Oj-a2  (30) 


where 


(30a) 

Rd3(0)  = R04(0  = 2tt  - 03  - 02)[Vg(£4,  37r-0-o2-a3,n3)  ± 1/5(^4,3^-0-02+03,03 

(30b) 

63  = tan"  [f3/93]  (30c) 


2 21/2 

d3  = [f3  + 93] 


03  = 2 


DF3(0)  = 


93 


1/ 2 


(30d) 


[93  + H4[cos(o3  + 02)  - cos0]J 
1 
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a3+a5+a6"a-5ir/2<P<3Tr -03-02 


(30e) 


elsewhere 


It  should  be  pointed  out  that  the  dashed  section  shown  between  wedges  #3 
and  #4  in  Figure  7 represents  an  opening  to  model  the  window  in  the  air- 
craft. The  plus(+)  sign  between  the  two  terms  within  the  brackets  in  (30a) 
is  used  for  the  hard  polarization  (E-field  normal  to  the  edge)  and  the 
minus(-)  for  the  soft  polarization  (E-field  parallel  to  the  edge). 

Now  the  diffractions  from  wedge  #2  will  be  outlined.  There  will  be 
three  waves  which  will  be  incident  upon  wedge  #2  that  will  be  diffracted; 
namely,  radiation  from  the  main  source  directed  toward  wedge  #2  and 
diffractions  from  wedges  4 and  3.  The  total  contributions  from  wedge  #2 
are  then  given  by 

-jkd2COs(B2  + 0) 

Ep2(0)  = e [DF2i(0)  Rd2i(0)  + DF22^^^'^D22(^^  DF23(0)Rd23(‘P)3 

0 < 0 <TT  + (31 ) 

where 

Rq2i(0)  = Rq(0  = tt  - tt2  - a)[Vg(h,2TT-a2-0-a,n2)±  Vg(h,2Tr-02-P+o»n2)]  (31a) 


^^D22 

(0)  = 

O 

II 

Ti  - CX2 ) ^2^ 

(31b) 

^^023 

(0)  = 

"daO  ■ 

<54)[Vg(q,  TT  - 0 + 6^,  n2)  ± Vg(q,3TT-2a2-0-6^,n2)] 

(31c) 

2 

21/2 

(31d) 

q = 

[(f2 

(94  - 92)  ] 

2 

21/2 

(31e) 

<^2  = 

[f2 

+ 92] 

tan' 

*[V92^ 

(31f) 

"2  = 

2 

(31g) 

39 


r 


DF2i(0)  H 


[g2-h[cos(a  + a^)  + cos0] 


1/ 2 


a3+ag+a6-a-5TT/2<0<3iT-a3-a2 


el sewhere 


1/ 2 


DF22(0)  = 


^ cos0]J 


a3+a5+a6-a-5TT/2<0<3iT-a3-a2 


elsewhere 


1/ 2 


[q2  + q[cos6^  - cos0]J 


a3+ag+ag-o-5TT/2<0<3iT -03-02 


DF23(0)  =. 


el sewhere 


In  continuation,  the  diffractions  from  wedge  #1  are  written  as 


jkd,cos(6i-0) 

EDi(0)=e  ' DF,(0) 


R[3i(0)  C < 0 < 


Rd^  (0)  IT  + o^  < 0 < 2ti 


where 
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(31h) 


(31  i) 


(31j) 


(32) 


(32a) 


(32b) 


r 


“ [f]  ■*■  9-|] 

(32cj 

6^  = tan"  [f^/g^] 

(32d) 

ni  =2 

(32e) 

DF^(0)  = 1 

(32f) 

and  from  wedge  # 0 ty 

jkdQCOs(8Q-0)  1 

r Rqo(0)  O<0<“1 

%(»)  ■ ® “fo'i"'  • i 

f 

1 . 

^ “o’*"  “11  0 

(33) 

where 

Rdq(0)  = Rpi(0  = Vg[«.^,  5tt/2  - 0 - Op  - , n^] 

(33a) 

^D1  cti ) Vg[X-i  ,9tt/2  - 0 - o.^  - a-11,  n^] 

(33b) 

2 21/2 

d-  = [f  + g J 
0 '■0  ^0"^ 

(33c) 

60  = 

(33d) 

no  = 2 - a^h 

(33e) 

Contributions  from  the  remaining  wedges  (11,  10,  9,  and  8)  will  not  be 
included  because  they  are  of  secondary  order  when  the  antenna  is  placed  above 
the  cockpit. 
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Finally  the  reflections  from  the  forward  sector  of  the  nose  (section 
of  Figure  7)  are  taken  into  account  by  using  image  theory  and  are  given 
by 


-jkd^cos(3^.  + 0) 

Edi(0)  ^ e Rdi(0)  tt  - 02  + o < 0 < Oj  - 02  (34) 

where 


2 2 1/2 


di  = [d^  + w + 2dj  w cos ( 63 

- 02)] 

(34a) 

gi  - + a. 

(34b) 

w = [(*<4  *^5  " s)  sin  (03  - 

02  - 0)/sin6^] 

(34c) 

_ 1 

0.  = sin“  [wsin(a2  + ^3)/^^] 

(34d) 

(5^-  = 0 + 02  - IT 

(34e) 

C.  Curved-Surface  Model 


To  reduce  some  of  the  restrictions  placed  by  the  two-dimensional  wedge 

surface  model,  curved-surface  models  in  the  elevation  and  azimuth  planes  will 

now  be  considered.  The  nose  part  of  the  plane  is  modeled  by  a smooth  curved 

surface  to  better  simulate  actual  operating  conditions.  The  contributions 

from  the  nose  part  of  the  structure  can  be  accounted  by  considering  mathematical 

1 5 

expressions  in  terms  of  Fock  functions  in  the  transition  region  and  creeping 
1 5 »26-28 

wave  functions  in  the  shadow  region. 


1 . Elevation  Plane 


The  elevation  plane  configuration  of  a curved-surface  model  of  an  aircraft 


is  shown  in  Figure  13.  The  tail  section  in  this  case  has  been 
modeled  by  an  inclined  wedge.  Actual  measurements  do  indicate  that  the 
presence  of  the  tail  section  does  contribute  significantly  and  can  be  easily 
identified. 

The  main  contributions  to  the  total  radiation  field  will  now  be  out- 
lined with  the  corresponding  mathematical  expressions  indicated.  The  main 
source  contribution  is  given,  according  to  Figure  14,  by 


Ed(0)  =2Rp(0)e 


+jkacos0  e-jkr 
r 


(35) 


where  Rq(0)  is  the  normalized  far-field  angular  distribution  of  the  source. 
The  expression  for  Rq(0)  will  depend  largely  upon  the  type  of  antenna, 
physical  orientation,  and  electrical  dimensions. 

Some  of  the  energy  from  the  main  source  is  directed  toward  wedge  # 3 
where  it  is  diffracted  and  its  distribution  is  given  by 


jkd3COs(y.+0) 


r » 


(36) 


-a3>0  >0 


+jkd3COs(Y3'0)  -jkr 


2tt  >0>  ^ 


(37) 


19-22 


where  Vg(r,  \p,  n)  is  the  wedge  diffraction  coefficient.  The  appropriate 

geometry  is  shown  in  Figure  14. 
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Figure  13.  Curved  surface  modeling  of  airplane  configuration  in  elevation  plane. 


The  energy  from  the  main  source  directed  toward  the  tail  section 
undergoes  a diffraction  and  is  distributed,  according  to  the  laws  of 

5,J6 

diffraction,  in  a conical  surface  as  indicated  in  Figure  13.  Referring 
to  the  geometry  of  Figure  15,  the  diffractions  from  the  leading  straight 
edge  of  the  tail  are  written  as 


, I _ +jl<dsCOs(Y+-0) 

^DTS  )[Vg(Lt,o,n-{-)  + Vg(Lj. ,27r-a^ ,n^)]e 


where 


g-jks'cos"6o  e-j'^'" 

r 


I 2 

= s sin 


Bo  = 2 ' -«T  - 0 


2 - 


1 

TT 


138) 

(38a) 

(38b) 

(38c) 


where  is  the  included  angle  of  the  wedge  forming  the  leading  edge  of  the 
tail  section,  the  minus  (-)  sign  is  used  for  the  vertical  polarization,  and 
the  plus  (+)  for  the  horizontal  polarization. 

The  diffractions  from  the  leading  curved  edge  of  the  tail  can  be 
accounted  in  a similar  manner  as  for  the  straight  edge.  The  only  difference 
is  a divergence  factor  which  is  a function  of  the  radius  of  curvature. 
Referring  to  Figure  16,  the  expressions  for  the  diffracted  fields  from  the 
curved  section  of  the  tail  are 


Ep.^(.(0)  =-2Rg(0')[Vg(Lc,o,nt)  - Vg(L(,  ,2ir-a^ ,n^.)]  • 

rc 


(39) 
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i 

1 

1 


r 


where 


Lc  = s sin 


P-  COS0. 

‘ / 2 • 

Diw(0  ) = ; 

^s'(2s'  + P2COS0^-) 


(39a) 


(39b) 


To  accurately  model  the  radiation  mechanism  in  the  forward  (nose) 
direction,  creeping  wave  contributions  in  the  deep  shadow  region  and  Fock 
functions  in  the  transition  region  will  be  introduced.  The  transition  region 
itself  is  divided  into  two  parts  to  provide  smooth  transitions  between  the 
lit  and  shadow  regions.  The  part  of  the  transition  region  neighboring  the 
lit  region  is  referred  to  as  "lit  transition"  and  the  one  neighboring  the 
shadow  region  as  "shadow  transition".  The  lit,  lit  transition,  shadow 
transition,  and  shadow  regions  are  all  demonstrated  in  Figure  17.  The 
boundaries  separating  the  different  regions  are  determined  by  the  radius  of 
curvature  at  point  Q-j  of  Figure  17.  Referring  to  Figure  18,  the  contributions 
in  the  lit  transition  region  (37t/2  < 0 < 3it/2  + A^)  are  given  for  the  hard  and 
soft  boundary  conditions  by 


-jkV2  -jksi  „-jkrn 

EcNh(0)  = 9(5)e  ? 

n 


'D' 


3tt 


Ecns(«>)  = Rn(^+  Aje 


-jkS-5/2 


D^2 


(40a) 


(40b) 


where 


C = - 


^1  ^^3 

1 (1^  ) ds' 
P 2 


(40c) 
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f 


g(5) 


-/F- 


-JtC 

w^TtT 


di 


(40d) 


9(C)  = 


-3tC 


/fT  j Wp(x) 

r. 


dx 


(40e) 


1 


1 


4 >1/3 

(kp]) 


(40f) 


where  g (5)  and  g(^)  are  the  hard  and  soft  Fock  functions  and  w^ix)  and 

I 

w^Cx)  are  the  Fock-type  Airy  function  and  its  derivative,  respectively. 

The  contributions  in  the  shadow  transition  (37t/2  - < 0 3it/2)  region 

for  the  hard  and  soft  boundary  conditions  are  given,  referring  to  Figure  19, 
by 

(41a) 


1 5 


■ R„(3./2)e 


-m^/2  (q  ) J 

9(C)e  ^ [AA-] 


g'^1 

-/2 


-jkr^ 


Ec„,(0)  - Rq(3../2  * 4,)e  ]9(C)e  ^ 

I "^g'^  1 ' n 


(41b) 


where 


r^2 


C = 


l/  3 


-(j-)  ds 


(41c) 


In  the  shadow  region  (tt/2  < 0 < 3x/2  - A^)  the  creeping  wave  contributions 
for  the  hard  and  soft  boundary  conditions  are  given  by 
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EcWh'"’  ■ 


,,  -jkte/2 

Rd(  /2)e  D,^,(Q)2L,,e  6 


• e 


“os(s')ds‘ 
-jkS2  g-jkrn 


(42a), 


0_  -jkW2 

rOTTyo.AX^  D p 


^2 

aos(s')ds' 


-jkS2  g-jkrp 


(42b) 


•-oh  = ^ 


2/-. 


D^,(Q2)  (42c) 


-j  T' 


1 - (?r  ^ °os^^2^  (42d) 


qo 

kp/  ^T' 


where  0^^^,  , and  A^.(-qQ)  are  listed  in  Tables  3 and  4[15]. 


2,  Azimuth  Plane 

For  the  principal  azimuth  plane  configuration,  the  antenna  is  assumed  to 
be  mounted  on  the  nose  part  of  the  plane  as  shown  in  Figure  20.  The  fuselage 
part  of  the  airplane  is  modeled  by  a circular  cylinder  with  the  wings  repre- 
sented by  a wedge.  The  antenna  location  is  identified  by  coordinates 
(Xo.yo)  with  2a  and  2b  representing  the  major  and  minor  axes.  The  space  about 
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V 


DIFFRACTION  COEFFICIENTS  AND  ATTENUATION  CONSTANTS  FOR  CIRCULAR  CYLINDERS  AND  SPHERES 


GENERALIZED  DIFFRACTION  COEFFICIENTS  AND  ATTENUATION  CONSTANTS 


p = radius  of  curvature  along  the  geodesic 

= radius  of  curvature  perpendicular  to  the  geodesic(transverse  curve) 
do?s(..)  indicate  differentiation  with  respect  to  arc  length  variable 


Figure  20.  Geometrical  arrangment  for  antenna  position  at  the  nose  of  an  aircraft 


the  antenna  is  divided  into  three  distinct  regions;  namely,  the  lit, 
transition,  and  shadow  regions.  The  transition  region  itself  is  sub- 
divided into  the  lit  transition  and  shadow  transition  regions  and  has  been 
introduced  to  provide  continuity  between  the  lit  and  shadow  region  fields. 

The  direct  radiation  from  the  source  is  given  by 


E„(0  ♦ 0„)  ' 2 Rj,((l  + 0^)  e °/r^ 


3tt/2  - 0^  + < 0 < 27t 


(43a) 


fi  < 0 < tt/2  - 0p  - 


(43b) 


\ = [l/kPg(Q')]' 


(43c) 


4 2 2 ^ 

, 1 a cos  0„  + b sin  0^  2 

' ■ n c.  .,„°i 

a cos  0Q  + D sin  0^ 


(43d) 


= tan"  (-°) 


(43e) 


The  contributions  in  the  shadow  regions  can  be  accounted  for  by  creeping 
waves  which  propagate  around  the  surface  of  the  curved  nose  and  reradiate 
tangentially.  For  the  shadow  region  in  the  top  portion  of  the  nose,  shown  in 
Figure  21,  the  creeping  wave  field  contribution  is  given  by 


EctC'  = E1O0)  “ojlQo' 


-jkt  -jkr. 


r 


for 


tt/2  - 0 + A < 0 < tt/2  - a,  + (5  - A 

on  I m n 


(44a) 


T(t)  = e ° 


(44b) 


and  for  the  shadow  region  in  the  bottom  part  of  the  nose,  shown  in  Figure  22, 
as 

I I * j let* 

^cb^^^  " ^oh^^o^  '-oh^^o^  ® ® "/'"n  (45) 

s s 


for 


tt/2  < 0 < 3tt/2  ~ 


(45a) 


The  launching  coefficients  for  the  hard  and  soft  boundary  conditions  are 
related  to  the  corresponding  diffraction  coefficients  by  Equations  (42c)  and 

I ^ 

(42d),  where  = Pg(Qo)-  The  functions  Dgs^eXp^,  A.(-q^),  and 

I 

A^. (q^)  are  listed  in  Tables  3 and  4 shown  previously. 

For  the  creeping  wave  fields  to  blend  smoothly  with  the  geometrical  optics 
solution  in  the  illuminated  region,  the  Fock  functions  are  introduced  to 
represent  the  radiation  in  the  transition  region.  For  the  illuminated  transi- 
tion region  (tt/2  - 0^  - A^  < 0 < tt/2  - 0^)  in  the  top  part  of  the  nose,  shown 
in  Figure  23,  the  radiated  field  distribution  is  given  by 


Et(«)  ■ Ti«)o)  ^ \ 


(46) 
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where 


F(Qo.Qo)  = 9(0  e 


G(Qo,Q,)  - 0 


(46b) 


for  vertical  polarization  and 


F(Q„,Q„)  = 0 


(46c) 


1 

° ° >^Pg(Qo^ 


(46d) 


for  horizontal  polarization.  The  functions  g(?)  and  g(5)  are  the  hard  and 
soft  Fock  functions  defined  by  Equations  (40d)  and  (40e).  The  function  f(t) 
is  a function  which  is  introduced  to  join  smoothly  the  field  across  the 
boundary. 

For  the  portion  extending  into  the  shadow  transition  region  (ir/2  - 9^ 

< 0 < tt/2  - 0Q  + A^),  the  field  contribution  is  given  by 


....  -3kr 
e;(6)  » E,(Q„)  [E(q„,Q„)  + G(Q„,Q„)]  e "/r„ 


where 


F(Qo’Qo) 


-jkt  p (Q  ) 6 

g(U  e 


(47a) 


r 


G(Qo.Qo)  = 0 


(47b) 


for  vertical  polarization  and 


F(Qo,Qo)  = 0 


(47c) 


, . 2 1/3  -jkt  *^g(Q„)  i/s 

G(Q_.  QJ  = -j[ T-]  9(0  e [ 

kp  {QJ  P (Q  ) 

g'^O 


(47d) 


for  horizontal  polarization. 

For  the  transition  region  below  the  nose,  the  field  distribution  is 
represented  by  Fock  functions  as  outlined  by  equations  (46)  - (47d)  for  the 
transition  region  in  the  top  part. 

The  energy  from  the  source  propagating  around  the  upper  portion  of  the 
nose  is  directed  along  the  wing  section  where  it  undergoes  diffractions.  The 
energy  is  diffracted  by  the  wedge  formed  by  the  fuselage  and  wing  section  and 
indicated  in  Figure  24  as  wedge  #3.  In  addition  energy  is  diffracted  from  the 
wing  section  which  has  been  modeled  by  a wedge  whose  leading  edge  is  straight 
and  curves  near  its  tip.  The  diffractions  from  wedge  #3  and  the  contributions 
from  the  wing  section  are  similar  to  those  outlined  for  the  tail  section  by 
Equations  (36)  - (39b).  It  should,  however,  be  pointed  out  that  the 
diffractions  from  the  wing  section  are  initiated  by  radiation  which  may  come 
from  the  lit,  lit  transition,  the  shadow  transition,  or  the  shadow  region. 

This  will  depend  upon  the  antenna  location  on  the  nose  (coordinates  x^.y^  of 
Figure  20)  and  radius  of  curvature  of  the  nose  at  that  point  Cp(Qq)], 


64 


D . Mu t u aj  _ Coupling 

The  mutual  coupling  between  two  aperture  antennas  mounted  on  a convex 
perfectly  conducting  cylinder  will  be  examined  in  this  section.  It  is 
assumed  that  the  tangential  electric  field  in  the  aperture  is  known  which 
allows  the  formulation  of  an  equivalent  infinitesimal  magnetic  current 
moment,  which  is  used  to  represent  the  aperture.  The  equivalent  magnetic 
moment  is  then  multiplied  by  launching  coefficients  to  initiate  surface  ray 
modes  which  travel  along  ray  paths  which  are  geodesics  of  the  surface.  When 
the  surface  ray  modes  arrive  at  the  other  aperture,  attachment  coefficients 
are  introduced  to  determine  the  modal  current  induced  in  the  slot  which  is 
then  used  to  determine  the  coupling.  It  is  assumed  here  that  the  two 
slots  are  positioned  so  that  the  one  is  in  the  shadow  region  of  the  other. 

The  geometry  under  investigation  is  shown  in  Figure  25  where  two  slots 
are  indicated  in  the  nose  of  the  airplane.  The  dimensions  a and  b are  used 
to  represent  the  major  and  minor  axes  of  the  elliptical  nose.  The  slots 
are  separated  by  an  angle  i{).  A more  detailed  geometry  of  the  nose  and  antenna 
positioning  is  shown  in  Figure  26  where  the  energized  antenna  is  assumed  to  be 
at  point  and  the  coupling  to  the  antenna  at  point  Q2  will  be  determined. 

By  reciprocity  the  obtained  values  also  represent  the  coupling  for  an 
energized  antenna  at  point  with  the  receiving  antenna  at  point  The 
parameters  used  to  identify  the  position  of  the  antenna  at  point  and  the 
geometry  of  the  nose  at  that  point  are  defined  by 

-1/3 

= (kp,)  (48a) 

‘4  2 42  22  22  3/2/ 

p-|  =[(a  COS  0^+b  sin  0j)/(a  cos  0-j+b  sin  0^]  /ab  (48b) 
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airplane. 


Figure  26.  Local  geometry  of  nose  and  antenna  positioning 


(48c) 


2 / 2 2 2 2 
Ptni  " ^ /(X]/a  ) + (y^/b  ) 


22  22  1/2 


Xi=  ab  sin0i/(a  cos  0i 

+ b sin  01 ) 

(48d) 

2 2 

2 2 1/2 

yi=  ab  cos0i/(a  cos  0i 

+ b sin  01 ) 

(48e) 

1 

01=  tan"  (xi/yi) 

(48f) 

where 

= angle  to  determine  transition  region 
p.|  = radius  of  curvature  at  point  Q-j 

Ptnl  ^ transverse  radius  of  curvature  at  point  Q-| 

Xpy^  = rectangular  coordinates  01  point 
01  = angle  indicating  point  Qi 

Referring  to  the  geometries  shown  in  Figures  27,28,  the  coupling  coefficlert 
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between  the  two  slots  is  calculated  bv 


^12  = * ’llHV  * ''22>  - 


where  and  are  the  self-admittance  and  the  waveguide  characteristic 
admittance  for  aperture  i.  The  mutual  admittance  Yi^  is  given  by 


Y 


12 


M(2) 


• H(2,l)  ds 


S 


2 


(50) 


LIT  REGION 


Figure  28.  Expanded  geometry  for  apertures  1 and  2 on  the 


where  M(2)  is  the  equivalent  magnetic  current  produced  by  the  voltage  V2 
at  aperture  2,  and  li(2,l)is  the  magnetic  field  produced  by  a voltage  at 
aperture  1,  if  aperture  2 is  short  circuited.  In  writthg  (50)  it  is  assumed 
that  the  electric  aperture  fields  can  be  represented  by  the  principal  waveguide 
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modes  . 

For  two  identical  slots  and  dominant  mode  representation,  as  shown  in 
Figure  29  for  hard  polarization  and  Figure  30  for  soft  polarization,  the 
magnetic  field  H(2,l)  produced  at  aperture  2 by  a voltage  V-j  at  aperture  1 
is  given  by 


V /\  ^ 


H(2,l)  = dH(Q^)  = Yq  dM(Q^)  • [b^b^F^  + 


where 
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(52b) 


Lph*  Lp^  are  the  launching  coefficients  for  hard  and  soft  boundary  conditions, 
^ph’^ps  attachment  coefficients  for  hard  and  soft  boundary  conditions, 

and  fpj^»Tp5  are  the  propagation  functions  for  hard  and  soft  boundary  conditions. 
The  launching  coefficients  are  defined  by  Equations  (42c)  and  (42d), 

the  attachment  coefficients  are  given  by 
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and  the  propagations  functions  by 


-I  «ph(t')0t' 


T . = e 
ph 


(54a) 


aps(t  )dt 


V V 

T = e 
ps 


(54b) 
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where  Op^(t  ) and  <^p5(t  ) are  the  attenuation  coefficients  for  hard  and  soft 
boundary  conditions  and  are  listed  in  Tables  3 and  4. 

For  an  arrangement  of  apertures  as  shown  in  Figure  29  (hard  polarization) 
and  with  a dominant  mode  field  distribution  given  by 


E^(Q^)  = t^  cos(ttx  /w)  (55) 

where  h is  the  smallest  dimension  of  the  aperture,  the  magnetic  current 
density  can  be  written  as 


M(l)  = -n^  X E^(Q^)  = b^E^cos(iTX  /w) 


(56) 


H(2,l)  by 

H(2,l)  = 


M(l)  • [b^b^F^  + t^t2G^]  ds  = b2YQp^Ei  (2wh/Ti) 


(57) 
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where  w is  the  largest  dimension  of  the  aperture,  and 


M(2)  • H(2,l)  ds’  = Y^F^(2w/tt)\^V2 


(58) 


and  are  the  voltages  at  apertures  1 and  2,  respectively.  Finally  the 
mutual  admittance  of  Equation  (50)  reduces  to 

^12  " YqF^(2w/7t)  (59) 

and  the  coupling  coefficient  of  (49)  assuming 


'^11  ’^22  " ^0  (60a) 

'gl  ' - '<0  /hW  (60b) 

to 

2F^(2w/^)  yi-(X/2w) 

^12 " ■ ^ : (61) 
[\/l-(A/2w)  +1]  - F^(2w/tt) 

In  a similar  manner  the  coupling  for  the  aperture  arrangement  shown  in 
Figure  30  (soft  polarization)  can  be  derived.  The  aperture  field  distribution 
is  given  by 


i^(Ql)  = - bjE^  cos(7ry'/w)  (62) 

the  magnetic  density  by 

M(l)  = -n-j  X E.j.(Q^)  = t-|  cos(Try  /w) 
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(63) 


r 


the  magnetic  field  of  Equation  (57)  by 


H(2.1)  = t2Y^G^E^(2wh/TT) 


(64) 


and 


M(2)  • H(2,l)ds  = YpG^(2w/Tr) 


(65) 


Finally  the  coupling  coefficient  for  the  soft  polarization  arrangement, 
assuming  dominant  mode  field  distribution,  reduces  to 
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2G^(2w/TT)'yi^-(A/2w)' 
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c/n(A/2w)  + 1]  - G,(2w/tt) 
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(66) 


As  antenna  2 leaves  the  shadow  region  and  enters  the  transition  region, 
as  shown  in  Figures  31,  32,  the  series  representations  of  the  F^  and  in 
(52a)  and  (52b)  become  poorly  convergent  and  must  be  replaced  by  integral 

2 9 % 

formulations.  In  other  words,  the  F^  and  G^  of  (52a)  and  (52b)  when  antenna 

2 a 

2 is  in  the  transition  region  of  antenna  1 reduce  to 
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Figure  31,  Geometrical  arrangement  when  slot  2 is  i 
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W2(t)  and  W2(t)  are  the  Fock-type  Airy  function  and  its  derivative,  respectively, 

I-j  is  the  path  of  integration  for  the  Fock  functions  (see  Figure  C.4  of  Appendix  C), 
and  p2  are  the  radii  of  curvature  at  antenna  positions  1 and  2,  and  is  the 
radius  of  curvature  of  the  structure  between  the  two  positions. 

The  functions  h{^)  and  ?i(5)  can  be  obtained  from  the  functions  designated 
as  V(^)  and  U(C)  in  Reference  31  where  they  are  also  tabulated.  For  completeness, 
the  magnitude  (modulus)  and  phase  (argument)  of  h(^)  and  1i(5)  are  shown  plotted  in 
Figures  33-36. 
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III.  COMPUTATIONS  AND  RESULTS 


In  order  to  verify  the  analytical  modelings  of , the  radiation  charac- 
teristics of  antennas  on  airplanes  which  were  developed  in  the  previous 
section,  computations  were  made  and  compared  with  measurements  on  scaled  models. 
Once  the  theoretical  models  were  verified,  a number  of  computations  were 
made  on  full  scale  aircraft  (Boeing  737,  Boeing  747,  and  KC-135)  at  a 
frequency  of  5.1  GHz,  which  is  within  the  band  under  consideration  for  the 
Microwave  Landing  System  (MLS).  Locations  were  examined  which  seemed  to 
provide  the  most  promising  coverage  in  the  forward  (nose)  direction,  which 
is  the  space  of  concern  during  landing.  The  results  will  be  presented  in 
the  same  order  as  that  in  which  the  analytical  models  were  developed.  In 
most  cases  the  antennas  under  consideration  will  be  a circumferential  aperture, 
an  axial  aperture,  and  a monopole.  The  circumferential  aperture  and  monopole 
provide  in  the  elevation  plane  vertical  polarization  and  the  axial  aperture 
provides  horizontal  polarization.  A number  of  coverage  comparisons  between 
vertical  and  horizontal  polarized  antennas  will  be  made  at  different  locations 
along  the  aircraft  structure.  The  coverage  criteria  used  for  the  comparisons 

O O 

will  be  20  above  the  nose  and  30  below  the  nose  in  the  elevation  plane  and 
+ 60°  in  the  azimuth  plane.  These  define  the  primary  coverage  sector 
during  landing  for  the  MLS. 

In  Figure  37  the  orientations  of  a circumferential  and  an  axial  aperture 
on  the  upper  part  of  the  fuselage  are  shown.  The  orientations  of  the  same 
apertures  on  the  lower  part  of  the  fuselage  are  shown  in  Figure  38,  In 
Figures  39  and  40  the  measured  and  computed  patterns  of  a circumferential 
waveguide  mounted  at  locations  1 and  2,  respectively,  on  a scaled  model  air- 
craft of  Figure  1 are  shown.  The  model  was  constructed  of  flat  plates 
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Figure  37.  Circumferential  and  axial  aperture  orientations  on  the  upper  part  of  an 
airplane  fuselage. 


Figure  38.  Circumferential  and  axial  aperture 
airplane  fuselage. 


12"  wide.  Although  a somewhat  simplified  model,  it  was  the  initial  con- 
figuration examined.  The  dimensions  are  shown  in  Figure  1.  The  agreement 
between  theory  and  experinient  is  very  good,  even  though  the  model  was 
electrically  small,  and  it  provided  the  first  encouraging  signs  of  the  validity 
of  the  analytical  techniques. 

In  Figure  41  the  configuration  and  some  pertinent  dimensions  of  a 1/35 
scale  space  shuttle  model  are  shown.  A number  of  measurements  were  made  at 
NASA  Langley  Research  Center  on  tois  model  for  circumferential  and  axial 
waveguides,  and  a short  monopole  and  are  shown  in  Figures  42  - 44,  The  frequency 
of  operation  was  35  GHz  and  the  location  of  the  antennas  was  below  the  nose, 
as  indicated  in  Figure  41.  Pat t of  the  nose,  shown  dashed  in  Figure  41,  was 
truncated  to  better  simulate  the  dielectric  radome.  The  agreement  between 
theory  and  experiment  is  excellent  and  that  is  another  indication  of  the 
accuracy  of  the  analytical  models.  The  radiation  along  the  surface  of  the 
structure  (toward  the  nose  and  tail)  for  the  axial  aperture  is  very  weak 
because  of  the  vanishing  boundary  conditions  that  the  E-field  must  satisfy 
for  this  polarization.  For  a finite  structure,  even  though  the  E-field  Is 
not  zero  at  the  edge  of  the  structure,  it  is  very  weak  and  the  diffractions 
from  that  wedge  are  very  small. 

Another  model  tor  which  measurements  were  made  available  was  a 1/11 
scale  Boeing  737  shown  in  Figure  45.  Two  antenna  locations,  are  below  the 
nose  (station  222)  and  the  other  above  the  cockpit  (station  220),  are  also 
shown  in  the  figure.  Computed  and  measured  amplitude  elevation  plane  patterns 
for  circumferential  and  axial  apertures,  and  short  and  quarter  wavelength 
monopoles  located  below  the  nose  (station  222)  are  shown  in  Figures  46-49, 

It  is  observed  again  that  a very  good  agreement  between  theory  and  experiment 
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has  been  obtained  everywhere  except  in  the  120  -180  region.  The  small 
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Figure  48,  Computed  and  measured  elevation  plane  amplitude  patterns  of  a 

short  monopole  below  the  nose  (station  222)  of  1/11  scale  Boeing  737. 
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Fiqure  49.  Computed  and  measured  elevation  plane  amplitude  patterns  of  a 

quarter  wavelength  monopole  below  the  nose  (station  222)  of  1/11 
scale  Boeing  737. 


differences  are  attributed  to  the  analytical  modeling  of  the  radome  part 
of  the  nose.  Referring  to  Figure  45 , in  the  analytical  modeling  it  was 
assumed  that  the  radome,  shown  darkened  in  the  figure,  was  truncated  in  order 
to  simplify  the  analysis.  In  the  measurements,  however,  while  the  remaining 
part  of  the  structure  was  covered  with  conductive  paint,  the  radome  was  left 
unpainted  to  better  simulate  its  presence  in  an  aircraft.  Even  though  there 
were  simplifications  in  the  analytical  modeling  of  the  radiation  mechanism 
of  the  forward  sector  of  the  nose,  the  agreement  between  theory  and  experi- 
ment is  remarkable.  The  lower  signal  levels  in  the  experimental  patterns 
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of  Figures  46-49  in  the  120  -180  region  are  attributed  to  the  trapping,  within 
the  radome,  of  some  of  the  energy  headed  in  that  direction.  In  Figures  50-53 
the  elevation  plane  relative  phase  patterns  of  the  antennas,  whose  amplitude 
patterns  were  included  in  Figures  46-49,  are  shown.  The  relative  phase  shown 
in  each  figure  is  the  difference  in  the  phase  when  the  antenna  is  mounted  on 
the  actual  aircraft  to  that  when  it  is  mounted  on  an  infinite  ground  plane. 

O 

So  the  phase  patterns  are  only  shown  for  ± 90  from  the  normal  to  the  aperture. 
The  variations  in  the  phase  patterns  are  small,  except  for  the  short  and 
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quarter  wavelength  monopole  in  the  15  -25  region.  Even  though  the  phase 
variations  there  are  large,  they  occur  in  a region  where  coverage  is  not  of 
primary  importance  during  landing.  It  must  be  pointed  out  that  the  corres- 
ponding amplitude  patterns.  Figures  48  and  49,  do  not  provide  acceptable 
coverage  in  this  region  either. 

In  Figures  54-56  the  computed  and  measured  elevation  plane  amplitude 
patterns  for  a circumferential  aperture,  an  axial  aperture,  and  a short 
monopole  at  location  2 (station  220  of  Figure  45)  of  a 1/11  scale  Boeing  737 
are  displayed.  Again  a very  good  agreement  is  indicated  everywhere  except 
for  some  differences  in  the  pattern  structure  in  the  forward  (nose)  and  in 
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Figure  52.  Computed  elevation  plane  relative  phase  pattern  of  a short 

monopole  below  the  nose  (station  222)  of  1/11  scale  Boeing  737. 
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the  back  (tail)  directions.  The  differences  between  theory  and  experiment 
in  the  forward  (nose)  direction  are  attributed  to  the  absence  of  the  radome 
structure  in  the  analytical  modeling  and  its  presence  in  the  experimental 
model.  The  differences  are  small  especially  for  the  circumferential  and  axial 
slots.  The  differences  between  theory  and  experiment  toward  the  tail  region 
are  attributed  to  the  absence  of  the  tail  section  in  the  analytical  modeling 
and  its  presence  in  the  experimental  model.  In  the  analytical  modeling  it 
was  assumed  that  the  tail  section  was  not  present  to  simplify  the  analysis 
and  any  differences  that  would  occur  would  be  in  a region  of  secondary  impor- 
tance for  landing.  In  Figures  57-59  the  corresponding  elevation  plane  relative 
phase  patterns  of  the  same  antennas,  whose  amplitude  patterns  were  included 
in  Figures  54-56,  are  shown.  The  phase  variations  are  again  small  except  for 
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the  short  monopole  near  the  150  region,  which  is  of  secondary  importance  for 
a landing  system.  In  Figures  60-62  the  corresponding  measured  azimuth  plane 
amplitude  patterns  are  shown.  Even  though  the  axial  aperture  provides  a 
wider  coverage  than  the  circumferential  aperture  in  the  azimuth  plane,  the 
circumferential  aperture  has  a wider  coverage  in  the  elevation  plane,  as 
shown  in  Figures  54  and  55.  The  short  monopole  provides  good  coverage  in  the 
azimuth  plane  but  is  somewhat  marginal  in  the  elevation  plane. 

With  the  availability  and  versatility  of  the  analytical  methods,  amplitude 
patterns  for  circumferential  and  axial  apertures  were  computed  when  mounted 
at  location  1 below  the  nose  (station  222)  and  location  2 above  the  cockpit 
(station  220)  on  a full  scale  Boeing  737  at  a frequency  of  5.1  GHz,  which  is 
within  the  proposed  band  for  the  MLS,  and  are  shown  in  Figures  63  and  64. 

It  is  observed  that  in  either  location  the  circumferential  aperture  provides 
the  wider  coverage.  When  the  antenna  is  located  below  the  nose,  the  pro- 
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posed  elevation  plane  primary  sector  coverage,  of  20  above  and  30  below 
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Figure  57.  Computed  elevation  plane  relative  phase  pattern  of  a circumferential 
waveguide  above  the  cockpit  (station  220)  of  1/11  scale  Boeing  737. 
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CIRCUMFERENTIAL  WAVEGUIDE 
AXIAL  WAVEGUIDE 
FREQUENCY  = 5.1  GHz 


Figure  63.  Computed  elevation  plane  amplitude  patterns  of  a circumferential 

and  an  axial  waveguide  below  the  nose  (station  222)  of  a full  scale 
Boeing  737. 


Figure  64.  Computed  elevation  plane  amplitude  patterns  of  a circumferential  and 

an  axial  waveguide  above  the  cockpit  (station  220)  of  a full  scale 
Boeing  737. 
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the  nose  is  somewhat  marginal  for  the  region  above  the  nose  and  very 
acceptable  below  the  nose.  The  opposite  occurs  when  the  antenna  is 
mounted  at  location  2 (station  220)  above  the  cockpit. 

A close  comparison  of  the  1/11  scale  model  patterns  shown  in  Figures 
46,  47and  54,  55  with  the  corresponding  ones  of  the  full  scale  model  shown 
in  Figures  63  and  64  will  reveal  that  basically  the  shape  of  the  patterns 
is  primarily  controlled  by  the  profile  of  the  structure  to  which  the  antenna 
is  mounted  and  not  by  the  electrical  dimensions.  There  are  some  small 
differences  as  a result  of  the  nonidentical  electrical  dimensions  of  the 
scaled  and  full  scale  models. 

Another  model  that  was  examined  was  a full  scale  Boeing  747  whose 
overall  configuration  and  two  antenna  locations  are  shown  in  Figure  65. 
Location  1 below  the  nose  corresponds  to  station  169  and  location  2 above 
the  cockpit  corresponds  to  station  306.  Elevation  plane  amplitude  and 
relative  phase  patterns  for  a circumferential  aperture,  an  axial  aperture, 
and  a short  monopole  at  both  locations  are  shown  in  Figures  66-77  . In  the 
same  figures  the  corresponding  patterns  for  the  same  antennas  mounted  on  a 
full  scale  Boeing  737  at  station  222  below  the  nose  and  station  220  above 
the  cockpit  are  shown  for  comparison.  It  is  obvious  that  the  Boeing  747 
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configuration  provides  a wider  coverage  in  the  region  of  20  above  the  nose 
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and  30  below  the  nose.  The  circumferential  slot  below  the  nose  or  above 
the  cockpit  and  the  short  monopole  below  the  nose  provide  the  most  acceptable 
radiation  coverage  for  the  MLS.  The  corresponding  phase  patterns  also  do 
not  show  any  large  deviations  within  this  region.  The  wider  coverage  by 
the  747  in  the  forward  sector  is  attributed  to  the  steeper  slope  in  the 
profile  of  the  structure  at  the  antenna  locations  than  the  corresponding 
profile  for  the  737.  For  the  Boeing  747  the  slant  angle  of  the  structure 
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Figure  67,  Computed  elevation  plane  amplitude  patterns  of  an  axial  waveguide 
below  the  nose  of  full  scale  Boeing  737  (station  222)  and  full 
scale  Boeing  747  (station  169). 
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Figure  70,  Computed  elevation  plane  relative  phase  patterns  of  an  axial  waveguide 
below  the  nose  of  full  scale  Boeing  737  (station  222)  and  full  scale 
Boeing  747  (station  169) 
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Ficjure  71.  Computed  elevation  plane  relative  phase  patterns  of  a short  monopole 
below  the  nose  of  full  scale  Boeing  737  {station  222)  and  full  scale 
Boeing  747  (station  169). 
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Figure  72.  Computed  elevation  plane  amplitude  patterns  of  a circumferential 
waveguide  above  the  cockpit  of  full  scale  Boeing  737  (station  220) 
and  full  scale  Boeing  7A7  (station  306). 
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Figure  73.  Computed  elevation  plane  amplitude  patterns  of  an  axial  waveguide 
above  the  cockpit  of  full  scale  Boeing  737  (station  220)  and  full 
scale  Boeing  747  (station  306). 
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Figure  74.  Computed  elevation  plane  amplitude  patterns  of  a short  monopole 
above  the  cockpit  of  full  scale  Boeing  737  (station  220)  and  full 
scale  Boeing  747  (station  306). 
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Figure  75,  Computed  elevation  plane  relative  phase  patterns  of  a circumferential 
waveguide  above  the  cockpit  of  full  scale  Boeing  737  (station  220) 
and  full  scale  Boeing  747  (station  306). 
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Figure  77.  Computed  elevation  plane  relative  phase  patterns  of  a short 

monopole  above  the  cockpit  of  full  scale  Boeing  737  (station  220) 
and  full  scale  Boeing  747  (station  306). 
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at  station  169  was  estimated  to  be  about  24  while  that  of  the  Boeing 
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737  at  station  222  was  estimated  to  be  about  18  . For  station  306  the 
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Boeing  747  slant  angle  was  estimated  to  be  42  while  for  station  220  the 
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Boeing  737  showed  a slant  of  about  30  . 

To  examine  the  coverage  variations  by  a circumferential  and  an  axial 
aperture  as  a function  of  structure  profile  slant  angle  at  the  location  of 
the  antenna,  elevation  plane  amplitude  patterns  were  computed  where  the 

O 

slant  angle  was  allowed  to  vary  ± 5 for  station  169  below  the  nose  and 
station  306  above  the  cockpit.  The  results  are  shown  in  Figures  78-81  and 
a close  observation  will  reveal  that  the  patterns  are  essentially  the  same 
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except  that  they  are  rotated  by  + 5.  There  are  some  small  differences  in 
the  pattern  structure  but  those  are  very  small.  So  the  slope  of  the  struc- 
ture at  the  antenna  location  plays  a major  role  in  the  coverage  provided  by  the 
antenna. 

At  the  beginning  of  this  section,  elevation  plane  amplitude  patterns 
of  antennas  mounted  below  the  nose  of  a 1/35  scale  space  shuttle  model  were 
presented  (Figures  4'2-44  ) . When  those  patterns  were  measured  the  radome  part 
of  the  nose  (shown  dashed  in  Figure  41  ) was  truncated.  Another  set  of 
amplitude  patterns  for  a circumferential  aperture,  an  axial  aperture,  and 
a quarter  wavelength  monopole  were  measured  wi thout  the  truncation  of  the 
radome  part  of  the  nose  of  the  space  shuttle  orbiter.  The  antenna  location 
and  configuration  of  the  1/35  scale  space  shuttle  model  are  shown  in 
Figure  82  with  the  amplitude  patterns  in  Figures  83-85.  Again  a good 
agreement  between  theory  and  experiment  is  indicated  and  a comparison 
between  the  corresponding  patterns  of  Figures  42-44  with  those  of  Figures 
83-85  will  reveal  that  the  truncation  of  the  nose  allows  more  energy  to  be 
directed  toward  the  upper  part  of  the  hemisphere.  In  the  presence  of  the 
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Figure  78.  Computed  elevation  plane  amplitude  patterns  of  a circumferential 
waveguide  below  the  nose  (station  169)  of  a full  scale  Boeing  747 
as  a function  of  slant  angle. 
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Figure  Computed  elevation  plane  amplitude  patterns  of  an  axial  waveguide 
below  the  nose  (station  169)  of  a full  scale  Boeing  747  as  a 
function  of  slant  angle. 


Finure  80. 


Computed  elevation  plane  amplitude  patterns  of  a circumferential 
waveguide  above  the  cockpit  (station  306)  of  a full  scale  Boeing 
747  as  a function  of  slant  angle. 
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Figure  81.  Computed  elevation  plane  amplitude  patterns  of  an  axial  waveguide 
above  the  cockpit  (station  306)  of  a full  scale  Boeing  747  as  a 
function  of  slant  angle. 
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Figure  82,  Space  shuttle  orbiter  configuration  with  dimensions  and  antenna 
location  on  a 1/35  scale  model. 
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Figure  83.  Computed  and  measured  elevation  plane  amplitude  patterns  of  a 
circumferential  waveguide  below  the  nose  of  a 1/35  scale  space 
shuttle. 
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Figure  85.  Computed  and  measured  elevation  plane  amplitude  patterns  of  a 

quarter  wavelength  monopole  below  the  nose  of  a 1/35  scale  space 
shuttle. 


radome,  the  energy  from  the  main  source  must  travel  around  the  curved  part 
of  the  nose,  while  reradiating  in  a tangential  direction,  and  resulting  in 
a reduced  intensity.  As  the  path  of  travel  increases,  the  radiation  dimini- 
shes as  is  demonstrated  by  comparing  the  coverage  provided  In  the  region  of 
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120  - 180  by  the  patterns  of  Figure  42  to  those  of  Figure  83.  The  same  is 
true  for  the  patterns  of  Figures  43  and  44  when  compared  with  those  of 
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Figures  84  and  85.  The  ripple  structure  indicated  in  the  120  -180  region 
in  Figures  42  and  44  is  attributed  to  the  interference  caused  by  the 
diffractions  from  the  two  wedges  formed  by  the  truncation  of  the  radome. 

Another  airplane  model  investigated  was  a KC-135  of  which  a 1/25  scale 
was  available  at  NASA  Langley  Research  Center  and  where  a number  of  measure- 
ments were  undertaken.  The  overall  configuration  and  the  two  antenna  locations 
for  the  1/25  scale  KC-135  model  investigated  are  shown  in  Figure  86.  The 
antenna  location  designated  as  #1  in  Figure  86  will  be  referred  to  as  forward 
of  the  wings  while  #2  will  be  referred  to  as  above  the  wings.  The  elevation 
plane  amplitude  patterns  for  a circumferential  aperture,  an  axial  aperture, 
and  a short  monopole  at  locations  #2  and  #1  on  a 1/25  scale  model  at  35  GHz 
are  shown  in  Figures  87-92.  Again  a good  agreement  between  theory  and 
experiment  is  indicated,  especially  for  the  circumferential  and  axial  slots. 
Even  though  none  of  the  antennas  provides  a good  coverage  in  the  forward  (nose) 
sector  for  MLS  application,  it  is  observed  that  as  the  antenna  position  is 
moved  toward  the  nose  the  coverage  below  the  nose  especially  for  the  circum- 
ferential and  short  monopole  increases.  These  locations  would  be  more 
attractive  for  positioning  antennas  for  communication  and  navigation  systems. 
With  the  availability  and  versatility  of  the  analytical  methods,  amplitude 
patterns  for  the  same  type  of  antennas  operating  at  5.1  GHz  and  positioned 
at  the  corresponding  locations  on  a full  scale  KC-135  were  computed  and  are 


Figure  90,  Computed  and  measured  elevation  plane  amplitude  patterns  of  a 

circumferential  waveguide  forward  of  wings  (location  #1)  of  1/25 
scale  KC-135. 


shown  in  Figures  93-98.  When  compared  to  the  corresponding  1/25  scale 
model  patterns,  it  is  clear  that  the  overall  shape  of  each,  corresponding 
pattern  is  the  same.  There  are  some  small  differences  which  are  attributed 
to  the  nonidentical  electrical  dimensions  of  each  model.  When  comparing  the 
computed  pattern  of  Figure  87  with  that  of  Figure  93.  it  is  quite  apparent 
that  the  overall  shape  is  the  same  except  that  the  radiation  in  the  direction 
below  the  nose  is  somewhat  less  intense  for  the  pattern  of  the  full  scale 
because  of  its  larger  electrical  dimensions  which  cause  larger  attenuations 
in  the  signal  as  it  travels  around  the  curved  path  of  the  nose  while 
reradiating.  The  same  is  true  for  the  other  corresponding  patterns.  It  can 
be  said  again,  as  was  stated  before,  that  the  profile  of  the  structure 
controls  the  overall  shape  of  the  patterns.  The  electrical  dimensions  of 
the  structure  do  influence  the  pattern  shape  but  in  a somewhat  less  degree. 

In  Figure  99  the  azimuth  plane  configuration  and  two  antenna  locations 
of  an  airplane  are  indicated.  Azimuth  plane  amplitude  radiation  patterns  for 
a circumferential  aperture,  axial  aperture,  and  short  monopole  at  locations 
#1  and  #2  on  a full  scale  KC-135  are  shown  in  Figures  lOQ-  105.  Although  the 
circumferential  and  axial  apertures  at  location  #1  provide  the  necessary 
coverage  for  MLS  applications,  it  must  be  assumed  that  this  position  will  not 
be  available  for  placing  an  antenna  on  the  radome  surface  because  it  will 
provide  blockage  to  the  weather  radar  which  is  within  the  radome  structure. 
For  location  #2  the  circumferential  aperture  provides  the  widest  coverage 
in  the  azimuth  plane.  It  must  be  remembered,  however,  that  the  same  antenna 
does  not  provide  as  good  of  a coverage  in  the  elevation  plane  as  the 
corresponding  axial  aperture. 

In  addition  to  the  amplitude  and  phase  radiation  patterns,  another 
parameter  that  was  examined  in  this  investigation  was  coupling  between  two 
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Figure  93.  Computed  elevation  plane  amplitude  pattern  of  a circumferential 
waveguide  above  wings  (location  #2)  of  full  scale  KC-135. 
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riqare  38.  Computed  elevation  plane  amplitude  pattern  of  a short  monopole 
forward  of  wings  (location  *1)  of  full  scale  KC-135. 


ocations  on  the  nose. 


SHORT  MONOPOLE 
FREQUENCY  = 5.1  GHz 


IRCUMf'ERENTIAL  WAVEGUIDE 
REGUENCV  - 3.1  GHz 
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circumferential  or  between  two  axial  apertures.  The  analysis  for  pre- 
dicting the  coupling  between  two  apertures  was  developed  and  Included  in 
the  theory  section.  In  order  to  verify  the  analytical  methods,  computed 
results  were  compared  with  other  available  data.  Shown  on  the  insert  in 
Figures  106  and  107  are  two  aperture  antennas  located  on  elliptical  and 
circular  cylinders,  respectively.  The  nose-fuselage  structure  of  the  air- 
plane was  modeled  by  half  of  an  elliptical  or  half  of  a circular  cylinder, 
and  each  attached  to  another  cylinder  as  shown  in  each  figure.  The  results 
obtained  were  compared  when  the  same  antennas  were  mounted  on  an  elliptical 
or  a circular  cylinder  and  reported  in  reference  32.  The  results  of  Figures 
106  and  107  compare  favorably  and  place  a degree  of  confidence  in  the 
analytical  techniques.  In  Figure  108  two  antenna  positions  are  indicated 
with  the  separation  between  the  antennas  denoted  by  the  angle  tp.  In 
Figures  109-116  the  computed  values  of  coupling  between  two  circumferential 

or  two  axial  apertures  when  mounted  on  the  nose  part  of  the  airplane,  as 

shown  in  Figure  108,  are  indicated  and  are  plotted  as  a function  of  the 

angle  separation  between  the  antennas.  In  this  case  it  was  assumed  that 

antenna  #1  was  stationary  while  antenna  #2  was  allowed  to  change  position. 
The  initial  position  of  antenna  #2  would  start  at  the  transition  region. 

The  configurations  examined  were  1/25  scale  KC-135,  full  scale  KC-135,  full 
scale  Boeing  737,  and  full  scale  747.  It  is  clear  that  for  these  structures 
and  the  indicated  separations,  the  coupling  between  apertures  is  very  low 
(less  than  -20  dB)  especially  for  the  axial  apertures  which  is  usually  below 
-40  dB. 

In  Figure  117  another  relative  positioning  between  two  antennas  on  the 
nose  of  an  aircraft  is  indicated.  For  this  position  it  is  also  assumed  that 
antenna  #1  is  stationary  while  #2  is  allowed  to  change  position,  The 


Figure  109.  Mutual  coupling  between  two  circumferential  aperture  antennas  mounted 


Figure  110,  Mutual  coupling  between  two  axial  aperture  antennas  mounted  as  shown 
in  Figure  108(1/25  scale  KC-135). 


Floure  114.  Mutual  coupling  for  two  axial  aperture  antennas  mounted  as  shown  in 
Figure  108  (full  scale  Boeing  737). 


i 


results  for  the  same  airplane  configurations,  as  examined  for  the  other 
positioning,  are  shown  in  Figures  118-125.  Again  it  is  clear  that  coupling 
oetween  the  apertures  is  very  small  (below  -20  dB)  and  for  axial  apertures 
is  usually  below  -40  dB. 
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ling  for  two  circumferential  aperture  antennas  mounted 


Figure  121.  Mutual  coupling  for  two  axial  aperture  antennas  mounted  as  shown 


ling  for  two  circumferential  aperture  antennas  mounted 
Figure  11 7 (full  scale  Boeing  737). 


ling  for  two  circumferential  aperture  antennas  mounted 


IV.  CONCLUSIONS 


Analytical  radiation  models  of  antennas  mountea  at  different  locations 
on  an  aircraft  structure  have  been  developed.  Computed  data  using  these 
models  were  compared  with  measurements  of  circumferential  and  axial  apertures, 
and  monopoles  on  a 1/35  scale  space  shuttle,  a 1/11  scale  Boeing  737,  and 
a 1/25  scale  KC-135  at  a frequency  of  35  GHz.  The  agreement  between  theory 
and  experiment  is  very  good  considering  the  complexity  of  the  problem. 

With  the  availability  and  versatility  of  the  analytical  techniques, 
radiation  coverage  of  the  same  type  of  antennas  on  full  scale  Boeing  737, 
Boeing  747,  and  KC-135  was  examined.  The  frequency  of  operation  was  5.1  GHz 
which  is  within  the  band  of  the  proposed  MLS.  From  the  results  it  is  evident 
that  for  flush  mounted  antennas  a circumferential  aperture,  which  is  verti- 
cally polarized  in  the  elevation  plane,  located  below  the  nose  or  above  the 
cockpit  of  the  aircraft  exhibits  the  most  promising  MLS  coverage  in  the  ele- 
vation plane.  The  vertical  monopole  at  the  same  locations  also  demonstrates 
good  coverage  but  is  not  as  attractive  as  that  of  the  circumferential 
aperture.  From  the  viewpoint  of  landing  it  would  seem  that  antennas  mounted 
above  the  cockpit  would  be  more  attractive  because  of  the  absence  of  any 
structural  features  within  the  airframe  during  landing,  such  as  landing  gear, 
which  would  distort  the  pattern. 

Of  the  aircraft  and  locations  examined  in  this  investigation,  placement 
of  an  antenna  at  station  169  below  the  nose  and  station  306  above  the 
cockpit  on  a Boeing  747  exhibited  the  most  attractive  coverage  for  MLS  in 

O 

the  elevation  plane  and  it  almost  met  the  coverage  criteria  of  20  above 

O 

and  30  below  the  nose.  The  wider  coverage  provided  by  the  Boeing  747  is 
attributed  mainly  to  the  steeper  slope  of  the  structural  profile  of  the 
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airplane  at  the  location  of  the  antenna.  Further  investigation  could  lead  to 
more  attractive  locations. 

By  comparing  radiation  patterns  of  antennas  mounted  on  scaled  and  full 
scale  models,  it  was  concluded  that  the  overall  shape  of  the  antenna  pattern 
is  mainly  controlled  by  the  overall  configuration  of  the  airplane  and  not 
as  much  by  the  electrical  dimensions.  The  overall  dimensions  do  influence 
the  shape  of  the  pattern  but  to  a much  lesser  degree. 
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VI.  APPENDIX  A 


DIFFRACTION  BY  A PERFECTLY  CONDUCTING  WEDGE 

Consider  a two-dimensional  wedge  and  a line  source  to  be  situated  in 
space  as  shown  in  Figure  A.l.  The  faces  of  the  wedge  are  formed  by  two 
semi-infinite  intersecting  planes.  The  itifinitely  long  line  source  is  para- 
llel to  the  edge  of  the  wedge,  and  its  position  is  described  by  the  coordi- 

I 

nate  (r^,  ? ).  The  typical  field  point  is  denoted  by  (r,0).  The  line  source 
is  assumed  to  have  unit  strength  and  time  dependence  of  the  form  The 

32 

Green's  function  for  this  radiating  system  can  be  written  as 


G = 1-  E e J (kr) 

m=0  — 

n 


(2) 

!ii  (•<'"o)[cos 
n 


(0  - 0 ) ± 


COS  ^ (0  + 0 )] 


(A-1) 


if  r^  > r.  For  the  case  ^nd  r^  are  interchanged.  In  this  expression 

is  the  Neumann  number  which  is  equal  to  1 if  m is  0;  otherwise  it  is  equal 

to  2.  The  plus  sign  between  the  two  cosine  terms  is  used  if  the  boundary 

T—  = 0 on  both  faces  of  the 

oD 

wedge)  . For  the  homogeneous  Dirichlet  boundary  condition  (G  = 0 on  both  faces 

of  the  wedge),  the  minus  sign  is  used.  This  convergent  series  is  an  exact 

solution  to  the  time  harmonic,  inhomogeneous  wave  equation  for  the  problem  of 
a radiating  line  source  and  wedge  embedded  in  a linear,  isotropic,  homogeneous, 
lossless  medium. 

Many  times  it  is  necessary  to  determine  the  total  radiation  field  when  the 
line  source  is  far  removed  from  the  vertex  of  the  wedge.  In  such  cases. 
Equation  (A-1)  can  be  simplified  by  replacing  the  Hankel  function  by  the  first 
term  of  Us  asymptotic  expansion,  that  is  by  the  relation 
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This  substitution  reduces  G to  the  form 


- I 


+j—  — 

n ^ ^m  ^ ^0  - 0 ) ± COS  ^0  + 0 )] 

n mm  n n 

n 


e E 


(A-3) 


where 


E = En  + Ep  = I E r,  J (kr)e 
u (j  n ^ m m ' 
m=0  — 


.m  Ti_ 

[cos  ^0  - 0')  ± cos  (0  + 0')]  (A-4) 


with  Eg  and  Eg  being  the  total  diffracted  and  geometrical  optics  fields, 
repsectively , and  E,  the  series  form  of  the  Green's  function  describing  the 
total  field  created  by  the  diffraction  of  a plane  wave  by  a wedge. 

An  asymptotic  expansion  for  E in  inverse  powers  of  kr  is  very  useful  for 
computational  purposes,  because  of  the  slow  convergence  of  Equation  (A-4)  for 
large  values  of  kr.  In  order  to  derive  an  asymptotic  expression  for  E by  the 
standard  method  of  steepest  descents,  it  must  first  be  transformed  into  an 
integral  or  integrals  of  the  form 


C krf(z) 
F(z)e  dz 


(A-5) 


and  then  evaluated  for  large  kr  by  means  of  the  method  of  steepest  descents. 
Such  a procedure  leads  to  the  expression  for  the  diffracted  field  for  a plane 


I 


wave  incident  on  a wedge  of  included  angle  (2  - n)it  to  be 


Ep(r,0,0,n)  = Vg(r,0  - 0,n)  + Vg(r,  0 + 0,n) 


(A-6) 


where  the  plus  sign  applies  for  the  polarization  of  the  electric  field  perpen- 
dicular to  the  edge 


wedge 


(A-7) 


and  the  minus  sign  applies  for  polarization  parallel  to  the  edge 


E ^ =0 

wedge 


(A-8) 


The  geometrical  optics  field  is  given  by 


jkr  cos(0  - 0 ) jkr  cos(0  + 0 ) , 

e + e O<0<TT-0 


jkr  cos(0  - 0 ) 


71-0  <0<7T+0 


7T+0  <0<2tt-WA 


(A-9) 


The  wedge-diff''action  function  Vg(r,0  + 0,n)  for  a plane  wave  has  also 
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been  determined  and  can  be  written  as 


Vg(r,  0 + 0,n)  = ^+77^'"’^  (A-10) 


-j(kr+J) 

jnjin 


^ cot 


-JT 

e dt  + 


(A-11) 


Higher-order  terms 


g = 1 + [cos(0  + 0 ) - 2mrN] 


(A-12) 


and  N is  a positive  or  negative  integer  or  zero  which  most  nearly  satisfies 
the  equation 


2n7iN  - (0  ± 0 ) = -TT  (for  I ) 

-v' 

(A-13) 

2nTiN  - (0  + 0 ) = +TT  (for  I ) 

+tt' 


Equation  (A-11)  contains  the  leading  terms  plus  higher-order  terms 
which  are  negligible  for  large  values  of  kr.  For  large  values  of  krg, 

1 9 

Equation  (A-10)  reduces  to  the  form  presented  by  Pauli  and  given  by 


Vg(r,0+0  ,n) 


- sin  — 
n n 


I 


TT  0 + 0 

COS  — cos  

n n 


(A-14) 


The  diffracted  field  of  Equation  (A-14)  is  that  from  which  the  asymptotic 
diffraction  coefficients  of  the  geometrical  theory  of  diffraction  are  obtained/ 
This  expression  is  not  valid  in  the  shadow  boundary  because  g = 0 there. 
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VII.  APPENDIX  B 


DYADIC  DIFFRACTION  FUNCTION  BY  A CONDUCTING  WEDGE 
Consider  a conducting  wedge  of  included  angle  (2-n)Ti  with  a source 

1 b 

positioned  at  a point  0.  Defining  a ray-fixed  coordinate  system, 

(s’,Bq,0  ) for  the  source  point  and  (s,6p,0)  for  the  observation  point  as 
shown  in  Figure  B.l,  in  contrast  to  the  edge-fixed  coordinate  system 

I ' t 

(p,  0,z;  p,0,z),  the  diffracted  field  observed  at  point  P can  be  written 

I 6 

as 


E?|(s) 

'vb  0" 

O' 

UJ 

1 

rr~  -jks 

n e. A(s)e 

eJ  (s) 

h 

0 Vr, 

L 

1 

m 

0 

L- 

sinBo 

where  Ej|(0)  is  the  component  of  E-field  parallel  to  the  plane  of  incidence 
and  eJ  (Q)  the  perpendicular  component  and  are  defend  by 


where 


e;,(q) 


e|(Q)  =0'  • E . 


(B-2) 


The  corresponding  diffracted  components  are  denoted  by  E'j*|(s)  and  E^(s) 

The  diffraction  functions  Vg  and  for  soft  and  hard  polarization  are  related 
to  the  diffraction  function  of  (A-10)  by 


= Vg(L,0-0ln)  - Vg(L,0+0in) 
Vg  = Vg(L,0-0ln)  + Vg(L,0+0ln) 


(B-3) 
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where  the  distance  parameter  L is  defined  by 


s sin  Bq  plane  wave  incidence 


L = 


PP 


p + p 


I 2 


cylindrical  wave  incidence 


(B-4) 


y ss  sin  Bq  conical  and  spherical  wave  incidence 


s + s 


and  the  spatial  attenuation  A(s),  which  describes  how  the  field  intensity 
varies  along  the  diffracted  ray,  by 


1 

fT 


A(s)  = 


s(s'  + s) 


plane,  cylindrical,  and  conical  wave  incidence 

(B-5) 

spherical  wave  incidence 


If  the  observations  are  made  in  the  far-field  (s»s  and  p»p  ),  the 
distance  parameter  and  spatial  attenuation  factor  reduce  to 


s sin  Bq  plane  wave  incidence 


L = 


cylindrical  wave  incidence 


I 2 

s sin  Bg  conical  and  spherical  wave  incidence 


(B-6) 
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A(s)  = 


plane,  cylindrical,  and  conical  wave  incidence 
vs 


spherical  wave  incidence 


For  normal  incidence  6^  = n/2. 

If  the  edge  of  the  wedge  is  curved,  as  shown  in  Figure  B.2,  the  only 
modification  is  to  redefine  the  spatial  factor  of  (B-1)  as 

FOR  CURVED  EDGE 


s{Pj,  + s) 


1 . 1 


0.— 

Pg  si"'  ^0 


where 


p = distance  between  caustic  at  edge  and  second  caustic 
^ of  diffracted  ray 

p = radius  of  curvature  of  incidence  wavefront  (infinite  for 
plane,  cylindrical,  and  conical  waves;  Pg  = s for 
spherical  waves) 

pg  = radius  of  curvature  of  edge  at  diffraction  point 

n = unit  vector  normal  to  edge 

s = unit  vector  in  direction  of  incidence 

A 

s = unit  vector  in  direction  of  diffraction 

B = angle  between  s and  tangent  to  the  edge  at  point  of 
diffraction 


For  s » P(.  it  reduces  to 


A(s) 


Figure  B.2.  Oblique  wave  incidence  diffraction  by  a two-dimensional 
wedqe  with  curved  edge. 
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DIFFRACTION  BY  AN  APERTURE  ON  A CURVED  SURFACE 

j Consider  a very  narrow  slot,  whose  tangential  components  of  the  electric 

i I 

I field  are  known,  to  be  positioned  at  point  Q on  a curved  surface  as  shown  in 

Figure  C.l.  The  space  about  the  surface  can  be  separated  into  three  distinct 
regions;  namely,  the  illuminated,  transition,  and  shadow  regions.  The 
transition  region  itself  is  subdivided  into  the  illuminated  transition  and 
shadow  transition  regions. 

t 

Representing  the  field  at  the  infinitesimal  aperture  ds  by  an  infini- 
i tesimal  magnetic  moment  dM  defined  by 

\ dM(q')  = I^(Q')  ds'  = -n'  x E(Q')ds'  (C-1 ) 

I 

L 

! ' * ^ I 

where  £(Q  ) is  the  E-field  of  the  aperture  at  point  Q and  n is  the  outward 

I 

directed  unit  vector  to  the  aperture  at  Q,  the  field  in  the  different  regions 

1 1 5 

can  be  formulated  in  terms  of  Fock  and  creeping  wave  functions. 

Referring  to  Figure  C.2,  the  field  in  the  illuminated  region 

1 5 

[0  < 6 < tt/2  - A]  is  given  by 

-jks 

E(p)  = dM  • [b'  n F + t'  b G]  | 

F = 2 (C-2) 

G = 2 cose 
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ILLUMINATED  REGION  [0  < 6 < j - A] 


Figure  C.2.  Geometry  for  illuminated  region  radiation  by  an  aperture  on  a 
curved  surface. 


ILLUMINATED  TRANSITION  REGIONf^  -A  S 9 < | ) 


s 


p 


Figure  C.3.  Geometry  for  illuminated  transition  region  radiation  by  an 
aperture  on  a curved  surface. 
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where  the  F function  is  used  to  represent  an  axial  slot  on  a cylindrical 
surface  and  the  G function  a circumferential  slot.  In  the  illuminated 


transition  region  [tt/2  - A < 6 < tt/2],  a pseudo  ray  system  has  to  be  intro- 

1 5 

duced,  as  shown  in  Figure  C.3,  and  the  fields  are  given  by  (C-2)  with  the 
F and  G functions  defined  by 

-jkt 

F = g(c)  e 

where  t,C<0  (C-3) 

2 i/s  . -jkt 

G = -j[ g(Of(t)e 

kPg(Q  ) 

where  f(t)  is  a heuristic  function  which  joins  smoothly  the  field  in  the 
illuminated  transition  region  to  the  geometrical  optics  field  in  the  illumi- 
nated region  and  it  is  defined  by 


F 


The  functions  g(C)  and  g(C)  are  the  hard  and  soft  Fock  functions  which 

3 1,33 

are  well  tabulated  and  are  defined  by 


g(5) 

p 


-JT? 

e 

W2(x) 


dT 


gU) 

yTT 


[ -JtC 
e 

w,(t) 


dx 


1 


(C-6) 


I 

where  W2(t)  and  W2(x)  are  Fock-type  Airy  functions, 
by 


^ = 


kp_  1/3 
[ — dt 


The  parameter  5 is  defined 


(C-7) 


0 


Figure  C.4. 


Path  of  integration  for  Fock  functions. 
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The  magnitude  (modulus)  and  phase  (argument)  of  the  hard  [g(C)]  and  soft 
[g(C)  f^ock  functions  are  shown  plotted  in  Figures  C.5  and  C.6,  respectively. 

Referring  to  Figure  C.7,  the  field  in  the  shadow  transition  region 
[it/2  s 6 ^ it/2  + a]  is  given  by  (C-2)  with  the  T and  G functions  defined  by 


-jkt  p (Q)  i/e 
[-^ — ] 

where  t,C  > 0 (C-8) 


F = 


g(S)  e 


di|^ 


G = -j 


1/ 


-jkt  p„(Q) 


kPg(Q') 


■]  ^(Oe  [-^ 


1/ 6 

] 


where  ^ dip^/dil;  is  a spread  factor  which  is  related  to  the  spread  of  the  geo- 
desic path. 

In  the  shadow  region  [tt/2  + A < e],  the  field,  according  to  Figure  C.8, 
are  given  by  (C-2)  where  the  F and  G functions  are  defined  by 


= 
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SHADOW  TRANSITION  REGION  (1  < 0 < J + A ) 


Figure  C.7.  Geometry  for  shadow  transition  region  radiation  by  an 
aperture  on  a curved  surface. 


SHADOW  REGION  (I  + A < e) 


n 


\ 


Figure  C.8.  Geometry  for  shadow  region  radiation  by  an  aperture  on  a curved 
surface. 
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(C-10) 


= e Aj(-q  )[1 

P kpg  ' P 


0 2/3  q 

(J_) 

kpg  1 


15 


where  l\  = launching  coefficients  for  hard,  soft  boundary  conditions 

H K 

h s 

Dp,  Dp  = diffraction  coefficients  for  hard,  soft  boundary  conditions 

Op,  Up  = attenuation  coefficients  for  hard,  soft  boundary  conditions 

pp  = zeroes  of  the  Airy  function  A^.  (-x) 

q = zeroes  of  the  derivative  of  the  Airy  function  A.(-x) 

p 1 


The  expressions  for  dJ,  D^,  aj,  and  the  values  of  q^,  q^ , q^,  q^ , A.(-q^), 

I _ . 

A^-C-q-l),  A.j("qi)  3re  shown  listed  in  Tables  3 and  4 shown  in  the 

main  text. 
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